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A t h e o r e t i c a l  a n a l y s i s  developing the des ign  equa t ions  f o r  extending i o n  source 
o p e r a t i o n  t o  higher  p r e s s u r e s  has r e s u l t e d  i n  a t es t  model capab le  of  d i r e c t  
a n a l y s i s  of p r e s s u r e s  up t o  1 x l o m 2  t o r r .  
and t h e  test r e s u l t s  was ob ta ined ,  and t h e  ope ra t ing  p res su re  range of t h e  t es t  
model was extended t o  1 x 10" t o r r ,  The o b j e c t i v e  of t h e  s tudy  was t o  produce 
a source capab le  of o p e r a t i o n  a t  1 x t o r r  having a s e n s i t i v i t y  of 1 x 
amperes / to r r  without  exceeding a time response of 0.030 seconds. 
instrument  gave o p e r a t i o n  t o  1 x 1O-I t o r r  w i t h  a s e n s i t i v i t y  of 8 x 
amperes / to r r .  
t h e  de f ined  i n t e r f a c i n g  system gave a response of .0025 seconds t o  95% of a 
s tepped p r e s s u r e  change. 
Close agreement between t h e  theo ry  
Test of the 
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LIST  OF SYMBOLS 
= Net i n l e t  gas flow ( t o r r  - l i t e r s / s e c o n d )  
= Net source gas flow ( t o r r  - l i t e r s / s e c o n d )  
= Net ana lyze r  gas flow ( t o r r  - l i t e r s / s e c o n d )  
= I n l e t  gas conductance ( l i t e r s / s e c o n d )  
= Ion source gas conductance ( l i t e r s / s e c o n d )  
= Analyzer gas conductance ( l i t e r s / s e c o n d )  
= Pumping speed ( l i t e r s / s e c o n d )  
= Ion source volume ( l i t e r s )  
= Analyzer volume ( l i t e r s )  
= External  sample gas  pressure ( t o r r )  
= Ion source maximum design p res su re  ( t o r r )  
= Analyzer p re s su re  ( t o r r )  
= Pump p res su re  ( t o r r )  
= D i f f e r e n t i a l  pumping r a t i o ,  P P (dimensionless)  
= Ion e x i t  a p e r t u r e  conductance ( l i t e r s / s e c o n d )  
S I  a 
= Elec t ron  en t r ance  ape r tu re  conductance ( l i t e r s / s e c o n d )  
= Cor rec t ion  f a c t o r  f o r  length t o  diameter  r a t i o  f o r  ion e x i t  a p e r t u r e  
= Cor rec t ion  f a c t o r  f o r  length t o  he igh t  r a t i o  f o r  e l e c t r o n  en t r ance  
= Ion e x i t  a p e r t u r e  length (meters) 
conductance (dimensionless) 
a p e r t u r e  conductance (dimensionless) 




















= Elec t ron  en t r ance  ape r tu re  length (meters) L2 
W = Elec t ron  en t r ance  aperture width (meters) 
t = Elec t ron  entrance aperture h e i g h t  (meters) 
= Mean f r e e  path of the gas s p e c i e s  (meters) Agas 
= Mean f r e e  path of the e l e c t r o n s  i n  the gas s p e c i e s  (meters) 'e 
= Mean f r e e  path of t he  ions i n  the gas spec' ies (meters) 'i 
= Elec t ron  beam path length i n  i o n i z i n g  r eg ion  (meters) 
= Ion beam path length i n  i o n i z i n g  r eg ion  (meters) 
4 
4 
t '  = Thickness of e l e c t r o n  beam (meters) 
d = Distance s e p a r a t i n g  ion  e x t r a c t i o n  e l e c t r o d e s  (meters)  
a = F r a c t i o n  of d i s t a n c e  sepa ra t ing  ion  e x t r a c t i o n  e l e c t r o d e s  from the  
= I n i t i a l  e l e c t r o n  c u r r e n t  e n t e r i n g  i o n i z i n g  r eg ion  (amperes) 
= Elec t ron  c u r r e n t  reaching anode (amperes) 
= Elec t ron  c u r r e n t  a t  point  where ions  are e x t r a c t e d  (amperes) 
= 
a c c e l e r a t o r  a t  which the e l e c t r o n  beam i s  l o c a t e d  (dimensionless) - 




+ I n i t i a l  i on  c u r r e n t  formed by 1; (amperes) IO 
I+ = Ion c u r r e n t  reaching ion e x i t  a p e r t u r e  (amperes) 
= Tota l  i on  c u r r e n t  formed (amperes) 
= Tota l  t r a n s m i t t a b l e  i o n  c u r r e n t  (amperes) 




= I o n i z a t i o n  c ros s - sec t ion  (amperes)/I-(amperes - t o r r  - meter 
of e l e c t r o n  path length] 
= Crit ical  p re s su re  ( t o r r )  
[ 
pC 
X = Ion source p re s su re  t o  c r i t i c a l  p re s su re  r a t i o  (dimensionless) 
i = I o n i z i n g  e l e c t r o n  cu r ren t  t o  ion e x t r a c t i o n  p o t e n t i a l  r a t i o  (micro- 
V 
amperes/vol t) 
Ion iz ing  plane p o t e n t i a l  t o  i on  e x t r a c t i o n  p o t e n t i a l  r a t i o  (dimension- a 
t = P e r m i t t i v i t y  of f r e e  space (8 .85  x farads/meter)  
= 

































E l e c t r o n i c  charge (1.6 x lO'l9 couiombs) 
Mass of e l e c t r o n  (kilograms) 
Mass of p o s i t i v e  ion (kilograms) 
Ion e x t r a c t i o n  ( r e p e l l e r )  p o t e n t i a l  ( v o l t s )  
Ion energy spread ( v o l t s )  
Energy of i on iz ing  e l e c t r o n s  ( v o l t s )  
E lec t ron  beam v e l o c i t y  through i o n i z i n g  r eg ion  (meters/second) 
Flux d e n s i t y  of e l e c t r o n  beam a l i g n i n g  magnetic f i e l d  (webers/meter2) 
Walking ang le  of m g n e t i c a l l y  a l i g n e d  e l e c t r o n  beam i n  the ion 
e x t r a c t i o n  f i e l d  (") 
Space charge l i m i t  of ion c u r r e n t  t r a n s m i t t a b l e  through a tunnel  
a p e r t u r e  (amperes ) 
Space charge l i m i t  of e lec t ron  c u r r e n t  t r a n s m i t t a b l e  through a 
tunnel  a p e r t u r e  when magnetically a l i g n e d  (amperes) 
E lec t ron  energy upon reaching e l e c t r o n  en t r ance  a p e r t u r e  ( v o l t s )  - I APERTURE 
= Ion source time cons tan t  (seconds) 





















The primary func t ion  of a mass spectrometer system i s  t o  ana lyze  a gaseous mixture ,  
s e p a r a t e  t h e  components of t h e  mixture,  and measure t h e  r e s u l t i n g  p a r t i a l  p re s su res  
of t h e  c o n s t i t u e n t s .  This procedure i s  accomplished by fou r  i n t e r r e l a t e d  system 
components a s  descr ibed  below: 
a .  
b. 
C .  
d .  
The ion  
A sample gas i n l e t  system which conducts a po r t ion  of t h e  gas from the  
a r e a  t o  be analyzed t o  the i o n  source.  
An i o n  source t o  c r e a t e  pos i t i ve  ions  of t h e  va r ious  s p e c i e s ,  the  
q u a n t i t i e s  of which a r e  d i r e c t l y  p ropor t iona l  t o  t h e  p a r t i a l  p re s su res  
of t h e  gas c o n s t i t u e n t s ,  and then  focuses  the  ions  i n t o  t h e  ana lyze r  
sect  ion.  
An ana lyzer  which can  sepa ra t e ,  o r  f i l t e r ,  the  i o n s  accord ing  t o  t h e i r  
mass t o  charge r a t i o s ,  d e ' s ,  and pass  them i n t o  a c o l l e c t o r ,  o r  c o l -  
l e c t o r s ,  from which they  may be de t ec t ed .  
A d e t e c t o r  t o  measure t h e  ion  c u r r e n t s  which s t r i k e  t h e  c o l l e c t i n g  
system, and read  ou t  a s i g n a l  corresponding t o  the  p a r t i a l  p re s su res  
which a r e  present .  
source  i s  thus  a c r i t i c a l  po in t  of t h e  system, s i n c e  i t  i s  he re  t h a t  t he  
change i n  regime takes  p lace ,  be ing  the  conversion of the  n e u t r a l  atomic o r  
molecular  s p e c i e s  t o  ions  propor t iona l  t o  t h e  p a r t i a l  p re s su res  of t he  gases  
p r e s e n t  i n  t h e  mixture.  However, a l l  i o n  sources  p r e s e n t l y  being produced have 
upper p re s su re  l i m i t a t i o n s ,  t h e  h ighes t  of which ope ra t e  up t o  approximately 
1 x 10-3 t o r r .  Consequently, when sampling p res su res  h igher  t han  t h i s  l e v e l ,  a 
p re s su re  d iv id ing  network i s  requi red  i n  t h e  i n l e t  system i n  o rde r  t o  reduce t h e  
sample p re s su re  t o  an  accep tab le  leve l  t o  in su re  proper ope ra t ion  of t h e  i o n  
source .  
I n  a space f l i g h t  mass spectrometer  system designed t o  sample a n  atmosphere from 
a s p a c e c r a f t  a t  h igher  p re s su re  l eve l s  than  t h e  i o n  source upper p re s su re  l i m i t a -  
t i o n s ,  a d i r e c t  leak i s  g e n e r a l l y  employed a s  the  i n l e t  system between the  e x t e r n a l  
atmosphere and t h e  i o n  source.  This i s  done t o  o b t a i n  the  proper pressure  d i f f e r -  
e n t i a l  r equ i r ed .  
i n  t h e  i n l e t  l i n e ,  such t h a t  the  s m a l l e r  t he  l eak ,  corresponding t o  higher  e x t e r n a l  
p r e s s u r e s ,  t he  longer becomes the  time response of t h e  mass spectrometer  system. 
I n  a l abora to ry  instrument  instrument i n  which t h e  e x t e r n a l  pressure  of the  sample 
i s  main ta ined ,  t h i s  e f f e c t  does n o t  cause problems. But, i n  a s p a c e c r a f t  moving 
through a changing atmospheric dens i ty  a t  a r e l a t i v e l y  h igh  v e l o c i t y ,  the t i m e  
response  of t he  instrument  becomes a c r i t i c a l  f a c t o r  i n  measuring c o n s t i t u e n t  
p a r t i a l  p re s su res  a s  a func t ion  of the s p a c e c r a f t  a l t i t u d e .  





The problem presented i s  thus  t o  build a n  i o n  source such t h a t  a space f l i g h t  
mass spectrometer  sys t em is  capable  of analyzing r e l a t i v e l y  high e x t e r n a l  pres -  
s u r e s ,  and w i t h  a v e r y  low t i m e  response s o  t h a t  t imely and meaningful d a t a  can 
be obtained of t he  atmospheric dens i ty .  To reduce the  i n l e t  system time c o n s t a n t ,  
the  p re s su re  d i f f e r e n t i a l  ac ross  the l e a k  must be reduced; which means t h a t  the  
i o n  source t o  be used must be capable of wi ths tanding  o p e r a t i o n  a t  h ighe r  p re s su re  


























2. TASK DEFINITION AND GOALS 
The purpose of t h i s  s tudy  was t o  perform a t h e o r e t i c a l  i n v e s t i g a t i o n  of a high 
p res su re  ion  source ,  u t i l i z i n g  a magnet ica l ly  a l igned  e l e c t r o n  beam, and t o  pe r -  
form t h e  mechanical des ign ,  f a b r i c a t i o n ,  and t e s t i n g  of t he  ion  source  having the  
fo l lowing  des ign  goa l s :  
a .  The c a p a b i l i t y  of watching a p rev ious ly  designed mass spectrometer  whi le  
providing a s e n s i t i v i t y  approaching 1 x 10-8 amperes / tor r .  
b. 
c. A maximum i o n  source  t i m e  response of 30 mil l i seconds .  
An upper ope ra t ing  pressure l i m i t a t i o n  of 1 x 10-2 t o r r .  
Other important c h a r a c t e r i s t i c s  t o  be i nhe ren t  w i th  t h e  des ign  were t h e  s t a b i l i t y  
and l i n e a r i t y  over t h e  ope ra t ing  pressure range ,  and i n t e r c h a n g i b i l i t y  wi th  t h e  
i o n  sources  prev ious ly  manufactured as p a r t  of t h e  s p e c i a l i z e d  mass spectrometer  
systems b u i l t  under Contract  NASS-3453. 
2 - 1  
3. THEORETICAL ANALYSES AND CONSIDERATIONS 
3.1 GAS FLOW CONSIDERATIONS 
To des ign  an  i o n  source capable  of high p res su re  ope ra t ions ,  t he  f i r s t  cons ider -  
a t i o n  becomes a ques t ion  of t h e  maximum a l lowable  pressure  i n  t h e  ana lyzer  t o  
which the  i o n  source w i l l  be f i t t e d ,  and whether o r  not  a vacuum pump w i l l  be 
f i t t e d  t o  the  instrument .  If t h e  analyzer  p re s su re  i s  much lower than t h a t  of 
t he  i o n  source ,  then gas  r e s t r i c t i n g  a p e r t u r e s  must be placed between the  i o n i z i n g  
r eg ion  and the  ana lyzer  t o  c r e a t e  the r equ i r ed  p res su re  d i f f e r e n t i a l .  At high  
p res su res  t h e  use of t h i s  p r e s s u r e  d i f f e r e n t i a l  becomes extremely important due 
t o  t h e  e f f e c t  upon t h e  mean f r e e  paths of t he  ions  formed. 
The gas  flow through the  e n t i r e  mass spectrometer  system can be def ined  i n  terms 
of t h e  v a r i a b l e s  shown i n  Figure 3-la i f  a vacuum pump is  used,  o r  a s  i n  Fig-  
u r e  3 - lb  without  a vacuum pump but  using the  evacuated volume of t h e  ana lyzer  a s  


















FIGURE 3 - l b  




















Under changing cond i t ions ,  i f  we d i f f e r e n t i a t e  t he  energy (PV) of t he  gas con- 
t a i n e d  i n  the  ana lyze r  volume; 
= P- dV + V z  dP = Energy flow. 
d t  = QE 
d (PV) 
d t  
dP dV 
d t  d t  
A t  equ i l ib r ium p res su re ,  a s  i n  Figure 3 - l a ,  - = Oand - = S ,  t h e  pumping 
speed of t he  a t t a c h e d  pump. Thus, 
= PS (3-1) QE 
dV 
d t  
a 
Q, - 'a dt 
Without a pump, - = 0 and 
dP - 
f o r  t h e  ana lyzer  volume. 
The flow i n t o  t h e  ana lyze r  volume from Figure 3- lb  can  be expressed a l s o  a s  
QE = = Cs(Ps - Pa) 
Equating w i t h  (3-2),  
I n t e g r a t i n g ,  




3.1.1 SYSTEM WITH A PUMP ATTACHED 
Consider ing now, t h e  more gene ra l  system, w i t h  a vacuum pump a t t ached ,  t he  gas  
flow can be descr ibed  a s  fol lows:  
QO = C O P O  - Ps) (a 1 
Q, = Cs(Ps - Pa) (b 1 
= Ca(Pa - Pp) = P s (c 1 






















The i o n  source  changes i n  pressure  a s  a func t ion  of t i m e  can then  be w r i t t e n  the  
gene ra l  form of (3-3) a s  
1 [ (Po - PS)CO - (PS - Pa)Cs - = -  dPs I "S d t  
o r  
1 - 5 : -  dPS [ POCO' (C + C ) P  + P C  , 0 s s  a s  "S d t  
and t h e  change i n  t h e  ana lyzer  pressure w i t h  t i m e  is expressed by 
- Pa)Cs - P s ] . = - [ (Ps 1 P P  "a 
But 
s P = (Pa - P )C 
P P  P a  
o r  
and s u b s t i t u t i n g  i n  Equation (3-7) for  P g ives  
P 
- = -  a 
dP 
d t  "a 
(3-6) 
( 3 - 7 )  
(3 -8 )  
I n  t h e  c o n d i t i o n  where equi l ibr ium has been reached by t h e  system wi th  a cons t an t  
surrounding atmosphere, then  t h e  flow i n t o  t h e  ana lyze r  i s  equa l  t o  t h e  flow o u t ,  
o r  
Q, = Qa = CS(PS - Pa) = s P 
P P  
A l s o  from (3-5b and c )  t h e  d i f f e r e n t i a l  pumping r a t i o  of t h e  source  can  be 
w r i t t e n  
D = P = l+k)(sp>ca) 
a P 
( 3 - 9 )  
3 - 3  


















Ca?> S ; D = 1 + f and Qaa S P 
P a  S P 
1 
a 2 p a  
S 
= S  ; D = 1 + $  and Q = - S P  
8 
'a P 
a C CCS ; D S l + -  
8 
C 
= C P  and Qa a a a P C 
This shows t h a t  i t  i s  d e s i r a b l e  t o  make CS small  and SP and Ca l a r g e  t o  achieve  a 
l a rge  d i f f e r e n t i a l  pumping. 
power and weight of t he  pump. 
A l a rge  o r  comparable Ca r e l a t i v e  t o  Sp w i l l  save  
3 . 1 . 2  SYSTEM WITHOUT A PUMP 
I n  the  system without  a vacuum pump a t t ached  t o  t h e  a n a l y z e r ,  t h e  gas  flow is  
descr ibed  by t h e  following: 
= CS(PS - Pa) (3-11) 
QS 
Changes i n  the  ion  source p re s su re  as a func t ion  of t i m e  a r e  thus  represented  by 
The change i n  t h e  ana lyzer  p re s su re  wi th  t i m e  i s :  
C 
- = -  a [Ps - Pa] . dP 
'a d t  
(3-13) 
(3- 14) 
It  is  then  obvious t h a t  a t  equi l ibr ium,  i .e. ,  when t h e  gas flow i n t o  the  ana lyzer  
equa l s  the flow o u t ,  t h a t  t h e  analyzer  pressure  w i l l  be equal  t o  the  ion  source  




D = - =  
a 
(3-15) 
However, i n  an a c t u a l  c a s e  t h e  f l i g h t  pa th  of t h e  space veh ic l e  from which measure- 
ments a r e  taken must be known so  tha t  t h e  p re s su re  i n  the  ion  source  and ana lyzer  
can b e  computed. 
c r i b e d  by Equations (3-13) and (3-14) f o r  an assumed and f ixed  e x t e r n a l  p re s su re .  
Some e s t i m a t e s  of accumulated pressure can be determined from these  equat ions .  




















3 . 1 . 3  GAS FLOW THROUGH APERTURES 
The gas  conductances def ined  previous ly  i n  F igures  3- la  and 3 - l b  can  be c o n t r o l l e d  
by the u s e  of r e s t r i c t i n g  a p e r t u r e s  which can l i m i t  t he  flow. The de termina t ion  
of the  gas  flow through annular  and r ec t angu la r  a p e r t u r e s  can be computed from 
the dimensions of the ho le s  by use  of t h e  r e l a t i o n s h i p s  given by Guthr ie  and 
Waker1ing.l They g ive  the  expression f o r  t h e  conductance of a s h o r t  round pipe a s  
= [a E m a  L13] 1 
which f o r  a i r  a t  20°C becomes 
a ( l i t e r s / s e c o n d )  ( 2 ~ ) ~  
L1 1 
c = 12.1 
where t h e  va lues  f o r  a1 a r e  tabula ted  i n  Table 3-1, and where R and L 1  a r e  





























































For a long t h i n  s l i t l i k e  tube ,  where t is t h e  h e i g h t ,  w t h e  width and of length  
L2 i n  cen t ime te r s ,  t h e  conductance i s  expressed by 
u t L  
L2 
C 30.9 -K ( l i t e r s / s e c o n d )  (3-18) 
f o r  a i r  a t  2OoC. 
by the  a p e r t u r e  conductance (as  w i th  t h e  a1 f a c t o r  i n  t h e  round tube)  where t h e  
t o t a l  conductance through t h e  s l i t  i s  then  
For a s h o r t  t h i n  s l i t l i k e  tube ,  t h i s  expres s ion  becomes modified 
e -  'SLIT 'AP 
'SLIT + 'AP 
The a p e r t u r e  conductance is found by 
CAP = 11.6 - 
* A o - A  
where 
2 A = a rea  of t h e  a p e r t u r e  (cm ) 
A. = a r e a  of t h e  r eg ion  from which t h e  gas  flows (cm 2 ). 
For A B A, t h i s  becomes 
0 
= 11.6 A 'AP 
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0.94 




















For the  c i r c u l a r  a p e r t u r e  cond i t ion ,  it is  seen  t h a t  a1 i s  dependent upon the  
length  t o  diameter r a t i o ,  L1/2R,  s o  t h a t  i t  i s  convenient  t o  r e w r i t e  Equation 
( 3 - 1 7 )  f o r  dimensions i n  MKS u n i t s  i n  t h e  fol lowing form, 
C = 48.4 x 10 R ( l i t e r s / s e c o n d )  . ( 3 - 2 2 )  
Simi la r ly ,  s i n c e  K i s  dependent upon the  length  t o  he igh t  r a t i o ,  L 2 / t l  wi th  the  
s l i t l i k e  tube ,  Equation (3-18) becomes 
C = 30.9 x lo4 w t  (k) K ( l i t e r s / second)  
and t h e  a p e r t u r e  conductance i s  then 
( l i t e r s / second)  4 AAo CAP = 11.6 x 10 A. - A 
(3-23) 
( 3 - 2 4 )  
where t h e  a reas  a r e  now expressed i n  square meters. 
3.1.4 DIFFERENTIAL PUMPING 
Due t o  mean-free-path cons ide ra t ions ,  a high  p res su re  source must be small  i n  
s i z e .  However, i t  i s  only  necessary t o  main ta in  the  ion iz ing  reg ion  a t  t h e  
e l eva ted  p res su re  l e v e l .  Consequently, the  f i lament  and e l e c t r o n  gun can be kept  
a t  t h e  ana lyzer  p re s su re  l eve l .  The advantages of t h i s  type of system a r e  
th ree fo ld :  
a .  Sample d i s t o r t i o n  due t o  i n t e r a c t i o n  of t h e  sample wi th  the  f i lament  i s  
reduced, t he  most important being the  conversion of O2 t o  CO thereby 
reducing t h e  m/e 32 peak and inc reas ing  t h e  m / e  28 peak. 
b. Space charge e f f e c t s  a r e  minimized i n  the  e l e c t r o n  focus ing  system when 
i t  i s  e x t e r n a l  t o  t h e  high p res su re  r eg ion ,  thus g iv ing  g r e a t e r  s t a b i l i t y  
of t he  emission system. 
c .  I n  a system u t i l i z i n g  a vacuum pump, a minimal degree of p r e f e r e n t i a l  
gas pumping i s  c rea t ed  by the  pump. This  avoids  bu i ld ing  up a l a rge  
p a r t i a l  p re s su re  of a gas  having r e l a t i v e l y  low pumping speed. 
I t  i s  d e s i r a b l e  i n  the  des ign  of a high pressure  i o n  source t o  l i m i t  t he  gas  flow 
o u t  of t h e  ion iz ing  region.  Using the des ign  d iscussed  above, two p laces  a r e  
r equ i r ed ;  the  e l e c t r o n  en t r ance  ape r tu re  through which the  i o n i z i n g  e l e c t r o n  beam 
i s  focused,  and the  i o n  e x i t  ape r tu re  from which the  ions  a r e  conducted t o  the  
ana lyzer  region.  For a high pressure ins t rument ,  i t  i s  d e s i r a b l e  t o  p lace  the 
i o n  e x i t  r e s t r i c t i o n  between the  ion iz ing  r eg ion  and the  ion  focusing a r e a .  This 
a l lows  f o r  minimal t r a v e l  of the  ions w i t h i n  the  high p res su re  r eg ion ,  and reduces 





















3.1.5 ELECTRON GUN - I O N I Z I N G  REGION - ANALYZER INTERFACING 
The e l e c t r o n  guns found most s u i t a b l e  f o r  s t a b i l i t y  i n  s p a c e - f l i g h t  a p p l i c a t i o n s  
have cons i s t ed  of s t r a i g h t  wire f i laments  of smal l  diameter which a r e  sp r ing  
loaded. By t h i s  method of opera t ion ,  the  hot  spo t  of t h e  f i l amen t  becomes a l igned  
wi th  the  focusing system. This i m p l i e s  t h a t  t h e  e l e c t r o n  emission w i l l  be a beam 
having a width along t h e  wire sur face  and a he igh t  r e l a t e d  t o  the  wire diameter .  
The ana lyze r  of t he  Spec ia l i zed  Mass Spectrometer toward which t h i s  s tudy  i s  pro- 
j e c t e d  c o n s i s t s  of a quadrupole mass f i l t e r  designed t o  accept  i ons  having: 
a .  Energies up t o  300 ev. 
b. Energy spreads  up t o  15 ev. 
c. Entrance angles  up t o  1.3' emerging from a c i r c u l a r  a p e r t u r e  having a 
diameter of 0.010 inches  (2.54 x lom4 meters). 
This ana lyze r  can be provided w i t h  a vacuum pump, and t h i s  i s  assumed here .  
I n t e r f a c i n g  the  ion  source  t o  the  analyzer and the  f i lament  then de f ines  the  
shapes of t he  i o n i z i n g  r eg ion  aper tures .  
i o n i z i n g  r eg ion  al lows f o r  t he  symetr ica l  x and y t ransmiss ion  of t he  ions  while  
l i m i t i n g  the  conductance of t h e  hole  t o  a minimum. 
a p e r t u r e ,  a t h i n  s l i t l i k e  tube becomes the  most e f f i c i e n t  type of a p e r t u r e ,  g iv ing  
t h e  b e s t  c u r r e n t  d e n s i t y  whi le  keeping t h e  beam th ickness  small .  
t i o n  a l s o  provides  a low i on  energy spread ,  as is l a t e r  shown t o  be important and a 
beam wider than the  diameter  of t h e  ion  ape r tu re .  
t he  e l e c t r o n  beam over  t h i s  hole  w i l l  n o t  degrade the  performance of t h e  source.  
A c i r c u l a r  i o n  e x i t  a p e r t u r e  from the  
A t  t he  e l e c t r o n  en t r ance  
This conf igura-  
Consequently misalignment of 
3.1.6 APERTURE DEPENDENCE UPON PRESSURE 
From t h e  foregoing d i scuss ion ,  it i s  apparent  t h a t  t h e  i o n  source  gas flow can be 
expressed  by 
cs = c1 + c2 
where C 1  and C2 r ep resen t  t h e  conductances of a round hole  and r ec t angu la r  s l i t  
r e s p e c t i v e l y .  L e t t i n g  


























The ion  source  pressure  can then be def ined  i n  terms of conductances by s u b s t i -  
t u t i n g  Equation (3-26) f o r  Cs i n t o  Equation (3-9) ,  which g ives  




4 8 . 4  x 10 KIR o1 4 2  
Ps = Pa 
(3-27) 
(3-28) 
However, s i n c e  a1 i s  dependent upon t h e  L1/2R r a t i o ,  i t  i s  convenient  t o  wr i t e  
(3-29) 
where L1/R and a1 a r e  he ld  cons t an t ,  
e x i t  a p e r t u r e  r a d i u s  can then  be descr ibed by 
From Equations (3-28) and (3-29) t h e  ion 
(3-30) 
However, f o r  t h e  l a r g e  d i f f e r e n t i a l  pumping r a t i o s  assumed h e r e ,  then  Ps/Pa >> 1, 
and t h i s  equat ion  reduces t o  t h e  form 
-112 
ps (3-31) 
Here the  r a d i u s  d e f i n e s  both  source  a p e r t u r e s  through t h e  cons t an t  K1 and i s ,  
i t s e l f ,  de f ined  by the  des ign  pressures .  
3.2 I O N I Z I N G  REGION PARAMETER CONSIDERATIONS 
An o b j e c t i v e  i n  t h e  des ign  of any ion source i s  g e n e r a l l y  one of  ob ta in ing  t h e  
maximum i o n  source s e n s i t i v i t y  f o r  a given  e l e c t r o n  c u r r e n t  d e n s i t y  without  
s a c r i f i c i n g  t h e  l i n e a r i t y  o r  s t a b i l i t y  of t he  ins t rument .  I n  a h igh  pressure  
a p p l i c a t i o n ,  many of t h e  parameters  assume a much h igher  degree of importance 
than  i n  lower p re s su re  ins t ruments  where they  may be cons idered  n e g l i g i b l e .  
Consequently,  t h i s  i n v e s t i g a t i o n  assumes a more complete approach toward a l l  of 
t he  v a r i a b l e s  involved.  Each of these parameters a r e  covered i n  t h e  s e c t i o n s  





















Figure  3-2 i l l u s t r a t e s  a model of the i o n i z i n g  r eg ion  wi th  t h e  primary v a r i a b l e s  
de f ined .  The t h e o r e t i c a l  a n a l y s i s  t ha t  fo l lows  i s  based upon t h i s  model. 
I n  the  process  of op t imiz ing  a n  i o n  source des ign ,  no t  on ly  t h e  pressure  and 
c u r r e n t  a r e  v a r i a b l e s  but a l s o  a l l  of t h e  o t h e r  parameters ,  such a s  t h e  dimen- 
s i o n s ,  a r e  cons idered  t o  be va r i ab le s .  Consequently,  i n  t h e  work t h a t  fol lows 
these  parameters a r e  sca l ed  l a r g e r  and sma l l e r  w i th  o t h e r  v a r i a b l e s  u n t i l  t h e  
c o n f i g u r a t i o n  appears  t o  ope ra t e  c o r r e c t l y  i n  t h e  des i r ed  p res su re  range.  
3 .2 .1  CHARGED PARTICLE COLLISIONS WITH THE GAS 
The motion of a n e u t r a l  gas  molecule i s  such t h a t  the  p a r t i c l e  w i l l  t r a v e l  a long 
a s t r a i g h t  pa th  u n t i l  i t  e i t h e r  c o l l i d e s  w i t h  another  p a r t i c l e  o r  w i th  one of t h e  
wa l l s  of t h e  con ta in ing  vessel. The same cond i t ion  is  t r u e  f o r  a charged p a r t i c l e  
w i th  t h e  except ion  t h a t  i t  may undergo d e f l e c t i o n s  by e l e c t r o s t a t i c  o r  magnetic 
f i e l d s .  The mean d i s t a n c e  t r ave led  between t h e s e  c o l l i s i o n s  i s  t h e  mean f r e e  pa th  
of t he  p a r t i c l e .  This  mean f r e e  path i s  g iven  by 
( 3 - 3 2 )  
For low-veloci ty  e l e c t r o n s ,  such a s  obtained i n  t h e  use of a n  i o n i z a t i o n  gauge, 
Cobine2 g ives  t h e  mean f r e e  pa th  f o r  e l e c t r o n s  a s  
and f o r  i ons  a s  
(3 -33)  
( 3 - 3 4 )  
For s t a b l e  i o n  source  ope ra t ion ,  i t  is d e s i r a b l e  t o  be a b l e  t o  r e g u l a t e  t he  
e l e c t r o n  beam c u r r e n t  pass ing  through t h e  i o n i z i n g  r eg ion  such t h a t  t h e  i o n  cu r -  
r e n t  genera ted  w i l l  be s o l e l y  a func t ion  of t he  pressure .  I t  i s  assumed here  
t h a t  t h i s  i s  accomplished by c o l l e c t i o n  on a n  anode beyond the  ion iz ing  reg ion .  
Space charge w i l l  a l s o  a f f e c t  t h i s  ion c u r r e n t  a s  shown l a t e r ,  
To o b t a i n  l i n e a r i t y  of t h e  i o n  cur ren t  w i t h  p re s su re  i t  i s  normally necessary  t o  
ope ra t e  i n  a low p res su re  regime such t h a t  a h igh  percentage of t h i s  c u r r e n t  i s  
t r ansmi t t ed  t o  t h e  e x i t  s l i t .  A self-compensating method i s  used here  t o  extend 
t h e  l i n e a r i t y  t o  h igher  pressures .  
From Beer-Lambert's law, the  t ransmission of any charged p a r t i c l e s  can be ex- 
pressed  by 
e - e/x (3-35) I - =  
IO 
Rewri t ing t h i s  express ion  g ives  t h e  path length  requi red  f o r  a set percentage 
t ransmiss ion  of c u r r e n t  a s ,  
( 3 - 3 6 )  
















































For an a i r  sample, t h e  pa th  length of t h e  e l e c t r o n  beam through the  high p r e s s u r e  
r eg ion  of the source i s  then  
and f o r  the i o n  beam formed becomes 
( 3 - 3 7 )  
( 3 - 3 8 )  
One f e a t u r e  which can be e x t r a c t e d  from t h e s e  equa t ions  i s  the f a c t  t h a t  a geo- 
m e t r i c a l  r e l a t i o n s h i p  can be formed between t h e s e  two path l eng ths .  
t h e  a p e r t u r e  through which the i o n s  a re  e x t r a c t e d  i s  placed a t  some f r a c t i o n ,  K 3 ,  
of the entrance-anode e l e c t r o n  beam path l eng th ,  e, .  
e n t i r e  p a t h  l eng th  and reaching t h e  anode, I ~ N ,  of the  source can be descr ibed by 
F i r s t ,  assume 
The c u r r e n t  passing over t h e  
( 3 - 3 9 )  
and the  e l e c t r o n  c u r r e n t  forming t h e  ions  t o  be e x t r a c t e d  through the  a p e r t u r e  i s  
expressed by 
El iminat ing the  i n i t i a l  e l e c t r o n  c u r r e n t  g ives  t h e  expres s ion  
( 3 - 4 0 )  
( 3 - 4 1 )  
Rewriting Equation ( 3 - 3 5 )  f o r  t he  ion c u r r e n t  a t  t h e  ex i t  of t h e  high p res su re  
r e g i o n  g i v e s  
But t h e  ion  c u r r e n t  formed, Io -k , can  a l s o  be descr ibed by 
( 3 - 4 2 )  
( 3 - 4 3 )  
Where 
K' = a cons t an t  involving the  i o n i z a t i o n  c r o s s  s e c t i o n ,  t h e  source p re s -  
s u r e ,  t h e  e l e c t r o n  cu r ren t  d e n s i t y ,  and volume from which the ions 





















Combining Equations (3-41), (3-42), and (3-43), t he  ion  c u r r e n t  a t  t he  e x i t  
a p e r t u r e  i s  thus  
I+ = K ' I A N  e (3-44) 
However, i f  r e g u l a t i o n  of t he  ion iz ing  e l e c t r o n  c u r r e n t  i s  accomplished by keeping 
the  anode c u r r e n t  c o n s t a n t ,  then the t r a n s m i t t a b l e  i o n  c u r r e n t  can be made inde- 
pendent of t h e  mean f r e e  p a t h  of the i o n s  only i f  the exponent of Equation (3-44) 
i s  s e t  equa l  t o  0,  from which t h e  following d i s t a n c e  r e l a t i o n s h i p  can be given a s  
(3-45) 
Replacing X i  and Xe by t h e i r  equ iva len t s  i n  Equations (3-33) and (3-34) gives 
1 2  1 '  
aT; 
= ( 3 - 4 6 )  
While t h i s  expres s ion  g ives  a geometrical  r e l a t i o n s h i p  between t h e  path lengths  of 
t he  e l e c t r o n  and i o n  beams, i t  is  believed t h a t  t he  u n c e r t a i n t i e s  i n  t h e  exac t  
va lues  of t h e  mean f r e e  paths  a r e  such t h a t  t h e  use of t h i s  formula would be help-  
f u l  over a l i m i t e d  range of i o n  c u r r e n t  t ransmission.  Another l i m i t a t i o n  on t h i s  
equa t ion  would a l s o  be t h e  maximum amount of e l e c t r o n  c u r r e n t  which can be gener- 
a t e d  be fo re  f i l amen t  f a i l u r e .  
3.2.2 SPACE CHARGE LIMITATIONS 
The i o n  c u r r e n t  formed w i t h i n  t h e  ionizing r eg ion  of an i o n  source  i s  descr ibed 
by t h e  equa t ion  
i- = SJ-P w t ' l l  I F  S ¶ (3-47) 
o r  a d e n s i t y  f a c i n g  t h e  ion  a p e r t u r e  of 
J: = SJ-Ps t '  9 
f o r  a n  e l e c t r o n  beam of l eng th  11 i n  t h e  i o n i z i n g  region and a c r o s s  s e c t i o n a l  
a r e a  of w t ' .  The t r a n s m i t t a b l e  ion  c u r r e n t  i s  then  dependent upon the a r e a  of 
t he  i o n  e x i t  ape r tu re .  Assuming a c i r c u l a r  a p e r t u r e  of r a d i u s  R a s  determined 
by Equation (3-31), t h i s  c u r r e n t  is then expressed by 
+ 2 





















However, t h e  presence of an e l e c t r o n  beam and i o n  formation w i l l  c r e a t e  a change 
i n  the  space p o t e n t i a l  where the  i o n i z a t i o n  i s  t ak ing  p l ace .  With t h e  e l e c t r o n  
beam c u r r e n t  he ld  c o n s t a n t ,  the  space p o t e n t i a l ,  i n  gene ra l ,  w i l l  change w i t h  the  
p re s su re  due t o  an unbalanced change i n  charge w i t h i n  t h e  r eg ion .  The in f luence  
of t h i s  space charge i n  t h e  i o n i z i n g  reg ion  has  been examined by B r ~ b a k e r . ~  
d e f i n e s  t h e  i o n  source  p re s su re  a s  a f r a c t i o n ,  x ,  of a q u a n t i t y  termed t h e  c r i t i -  
c a l  p r e s s u r e ,  which i s  t h e  p re s su re  a t  which t h e  p o t e n t i a l  of t h e  i o n i z i n g  plane 
becomes independent of t h e  e l e c t r o n  cu r ren t  dens i ty .  Thus the  expres s ion  i s :  
He 
Ps = xPc 3 
where t h e  c r i t i c a l  p re s su re  i s  descr ibed by 





d = Spacing, r e p e l l e r  t o  a c c e l e r a t o r  (meters) 
a = F r a c t i o n a l  spac ing  of e l e c t r o n  beam 
S = I o n i z a t i o n  c o e f f i c i e n t  ( i ons / e l ec t ron  - meter of pa th  l eng th  
t o r r  p re s su re )  
= P o t e n t i a l s  of r e p e l l e r  and e l e c t r o n s  ( v o l t s )  'R 'el 
m M = Masses of the  e l e c t r o n  and i o n  (kilogram). e '  
I t  i s  then  convenient  t o  de f ine  normalized q u a n t i t i e s  of t h e  anode c u r r e n t  and t h e  
p o t e n t i a l  of t h e  i o n i z i n g  plane w i t h  r e spec t  t o  t h e  i o n  e x t r a c t i o n  p o t e n t i a l ,  




where J-, w and t '  a r e  d e n s i t y ,  wid th  and th ickness  of t he  e l e c t r o n  beam, respec-  
t i v e l y .  Also def ined  i s  
(3-52) 'IONIZING PLANE a =  
'r 2 
He then  d e r i v e s  an  express ion  f o r  a2 as  a func t ion  of space charge when iv is  
smal l  such t h a t  






















A = (  l -a)d x ( - me fI2 
2ve le c w  0 
Figure 3-3 i s  then  a p l o t  of t h e  p o t e n t i a l  of i on iz ing  p l ane  versus  t h e  anode 
c u r r e n t ,  each of which i s  normalized with r e s p e c t  t o  t h e  i o n  e x t r a c t i o n  p o t e n t i a l ,  
V, us ing  x a s  a parameter.  
S u b s t i t u t i n g  f o r  Ps and J-, from Equations (3-49), (3-50),  and (3-51) i n t o  (3-48) 
the  t r a n s m i t t a b l e  i o n  c u r r e n t  i s  then  descr ibed  by 
(3-54) 
The maximum t r a n s m i t t a b l e  i o n  c u r r e n t  i s  now de'fined i n  terms of t he  dimensions of 
t h e  source  and t h e  space-charge parameters,  i, and x. Choice of va lues  f o r  iv and 
x w i l l  determine t h e  amount of each s ign  of space-charge p resen t  and t h e  degree of 
n o n - l i n e a r i t i e s  i n  ope ra t ion  t h a t  a r e  allowed, 
It i s  a l s o  apparent  t h a t ,  from t h i s  equat ion  a lone ,  i o n  source  s i z e  does not  con- 
t r o l  t h e  i o n  c u r r e n t ,  i f  a l l  dimensions s c a l e  toge the r .  However, t h e  app l i ed  
r e p e l l e r  p o t e n t i a l  has  a s t r o n g  inf luence.  
due t o  inc reased  d e f l e c t i o n  of the  e l e c t r o n  beam and inc reased  i o n  energy  spread.  
L imi t a t ions  toward i n c r e a s i n g  Vr occur  
The d i s t a n c e  from t h e  i o n i z i n g  plane to  t h e  i o n  ex i t  a p e r t u r e ,  a * d ,  i s  equa l  t o  
t h e  p rev ious ly  de f ined  d i s t a n c e ,  l ? ~ ,  or  from Equation (3-46) 





'gas's K4 = 4(2 )  
The gas  mean-free-paths a r e  tabula ted  f o r  va r ious  gases  i n  Table 3-3. 
The i o n  e x t r a c t i o n  p o t e n t i a l ,  V r ,  can a l s o  be w r i t t e n  i n  terms of t h e  i o n  source  
p r e s s u r e  by combining Equations (3-49) and (3-50), and by r ea r r ang ing  t h e  terms 
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4 .  ~ O X ~ O - ~ / P  
(3-58) 
This  s t a t e s  t h a t  t h e  i o n  e x t r a c t i o n  p o t e n t i a l  i s  independent of t h e  i o n  source 
des ign  p r e s s u r e ,  Ps, s i n c e  d i s  caused t o  scale i n v e r s l y  wi th  pressure .  
I n  o rde r  t o  o b t a i n  good alignment of t h e  e l e c t r o n  beam over the  i o n  e x i t  a p e r t u r e ,  
and a l s o  t o  i n s u r e  t h a t  t he  e l e c t r o n  c u r r e n t  d e n s i t y  remain cons t an t  over t h e  
p o r t i o n  of t h e  ion iz ing  reg ion  from which t h e  t r ansmi t t ab le  ions  a r e  e x t r a c t e d ,  
i t  i s  a good p r a c t i c e  t o  make the  width of t h e  beam somewhat wider t han  the  
diameter  of t he  i o n  e x i t  aper ture .  
such t h a t  
This can be accomplished by a s c a l i n g  f a c t o r  
(3-59) 
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A va lue  of K5 less  than  0.5 i s  necessary f o r  t he  beam t o  cover the  ion  a p e r t u r e .  
Combining these  l a s t  t h ree  equat ions  wi th  Equations ( 3 - 3 1 )  and (3-54) t o  f i n d  t h e  
t r a n s m i t t a b l e  i o n  cu r ren t  i n  terms of t h e  ion  source pressure  g ives  
‘ 2  2 
= (% x 1 (K5) (2) [K4 In($-! IAN ( \ 4 8 . 4 ~ 1 0  K1 
( 3 - 6 0 )  
This  equa t ion  s t a t e s  t h a t  w i t h  t h e  use of s c a l i n g  f a c t o r s  t o  d e f i n e  t h e  geometri-  
c a l  r e l a t i o n s h i p s  wi th in  t h e  i o n i z i n g , r e g i o n  of an  i o n  source ,  and by hold ing  t h e  
remaining parameters i n  t h i s  equat ion  cons t an t ,  then  t h e  maximum t r a n s m i t t a b l e  
i o n  c u r r e n t  i nc reases  w i t h  the  square r o o t  of t h e  maximum designed p res su re  l i m i -  
t a t i o n  of t he  source.  It  i s  noted tha t  s e v e r a l  parameters  do not  appear  i n  t h i s  
equat ion .  
independent of Ps. It i s  now necessary t o  examine t h e  remaining parameters t o  
determine i f  t hese  a r e  w i t h i n  t h e  bounds of reasonableness  a s  Ps i s  increased .  
Vr ,  f o r  example, has  a l ready  been examined and found t o  be c o n s t a n t ,  
When t h e  space p o t e n t i a l  of t h e  ion iz ing  plane changes w i t h i n  t h e  i o n i z i n g  reg ion ,  
a n o n - l i n e a r i t y  w i l l  occur  i n  the  t r ansmi t t ab le  i o n  output  c u r r e n t ,  due t o  a 
f i e l d  cu rva tu re  c rea t ed  between t h e  ion e x t r a c t i o n  e l e c t r o d e s .  This  w i l l  change 
w i t h  t h e  p re s su re  a s  Ps i s  va r i ed  from ze ro  up t o  t h e  maximum designed p res su re ,  
Ps. 
occur over  t h i s  range. 
change of t h e  va lue  of a 2 ,  such t h a t  h a 2 / a 2  corresponds t o  a marked degree of 
n o n - l i n e a r i t y  (see curves p l o t t e d  i n  Figure 3 - 3 ) .  Assuming iv is  v e r y  sma l l ,  
d i f f e r e n t i a t i n g  Equation ( 3 - 5 3 )  gives  
It i s  t h e r e f o r e  d e s i r a b l e  t o  l i m i t  t he  degree of n o n - l i n e a r i t y  which w i l l  
When iv is very sma l l ,  t h i s  can be done by l i m i t i n g  t h e  
Aa2 = aAivhx (3-61) 
However, t h e  change i n  t h e  va lue  of x over  a designed i o n  source  p re s su re  range i s  
from x = 0 t o  x = x ,  o r  t h e n &  = x. Therefore ,  t h e  non- l inea r i ty  can be descr ibed  
by 
4 
A i  x 
l + A i v  (x- 1) 
V - -  A a 2  - 
a2 
and thus  
[+ - 3 
x =  [z - 3 
( 3 - 6 2 )  
















From exper imenta l  d a t a ,  t he  va lue  o f A a 2 / a 2  can be computed f o r  a degree of non- 
l i n e a r i t y  when i, i s  smal l ,  and t h i s  can then  be t ransposed i n t o  f u t u r e  des ign  
work. 
The e l e c t r o n  c u r r e n t  d e n s i t y  requi red  t o  g ive  t h e  t r ansmi t t ab le  ion  c u r r e n t  a s  
expressed by Equation (3-60) can then  be found from Equation (3-51) a s  
i v x v r  - 
w t '  J =  
However, t h e  e l e c t r o n  beam th i ckness ,  t ' ,  i s  a func t ion  of the  i o n  energy spread  
a s  l imi t ed  by t h e  analyzer .  This  def ines  the  th ickness  a s  





The r equ i r ed  e l e c t r o n  c u r r e n t  dens i ty  t o  keep i, cons tan t  a s  t h e  maximum designed 
p res su re  v a r i e s  can thus  be w r i t t e n  as 
312 
pS ( 48.4 K2SpPa x 10 K1 J"' (3-65) 
For an  ion  source  designed t o  operate  a t  h igher  pressures  and r e t a i n  a l i m i t e d  
degree of n o n - l i n e a r i t y  t h e  dependence of t h e  ion  source parameters upon t h e  
maximum designed pressure  can be abbreviated t o  t h e  f i rms below: 
S 
c2 e, = - 
S 
P 
0 v = C3PS r 





















- -1/2p 312 
J = C4Qa 
This se t  of equat ions  shows the  dependence of t h e  primary i o n  source  parameters 
upon t h e  two v a r i a b l e s  which d e f i n e  the system gas f low,  i . e . ,  t he  maximum i o n  
source  designed p res su re ,  and t h e  gas flow ou t  of t h e  ana lyze r .  Here, t h e  assump- 
t i o n  i s  made t h a t  t h e  conductance of the  a n a l y z e r ,  C a ,  i s  much g r e a t e r  than  the  
speed of t h e  pump, SD. These equat ions a r e  i l l u s t r a t e d  i n  F igure  3-4, and can 
then  be 
a .  
b .  
C .  
d.  
i n t e r p r e t e d  is fol lows : 
With t h e  def ined  parameters of e l e c t r o n  energy ,  gas  s p e c i e s ,  i o n  energy 
spread ,  and e l e c t r o n  t ransmission percentage t o  the  anode, a set of 
dimensional r e l a t i o n s h i p s  , or  s c a l i n g  f a c t o r s  can be generated r e l a t i v e  
t o  t h e  i o n  e x i t  a p e r t u r e  rad ius  and t h e  pa th  l eng th  of t he  e l e c t r o n  
beam. These g ive  the  ion iz ing  r eg ion  dimensions a s  a func t ion  of t h e  
maximum i o n  source  pressure ,  and the  n e t  gas  flow out  of t he  ana lyze r .  
It i s  then  d e s i r a b l e  t o  determine how t h e  maximum t r ansmi t t ab le  i o n  
c u r r e n t  changes a s  t h e  maximum ion  source  pressure  is  va r i ed .  
The maximum i o n  c u r r e n t  output i s  governed by space charge l i m i t a t i o n s  
and n o n - l i n e a r i t y  of t he  ion c u r r e n t  a s  t h e  pressure  i s  changed. I n  
c e r t a i n  s p e c i f i c  i o n  sources where the  n o n - l i n e a r i t y  has been measured 
a s  a func t ion  of i on  source pressure  and e l e c t r o n  c u r r e n t ,  t he  r e s u l t s  
can be placed i n  the  context  of Brubaker 's  source equat ions and the  
e f f e c t i v e  va lues  of iv and x determined.  Thus, by maintaining these  
parameters c o n s t a n t ,  and the same r e l a t i v e  dimensions,  t h e  maximum 
pressure  can be  v a r i e d  without changing t h e  degree of n o n - l i n e a r i t y  of 
t he  source .  
Since t h e  r e l a t i v e  parameters,  x and iv, a r e  r e l a t e d  through Equation 
(3-63) t o  a degree of non-linearity,ha21a2,when iv is smal l ,  iv must be 
he ld  cons t an t  t o  main ta in  the same n o n - l i n e a r i t y  a s  t h e  pressure  i s  
va r i ed .  From Equation (3-51) i t  i s  seen  t h a t  i v  would change a s  t h e  i o n  
source  dimensions fol low the change i n  the  maximum pressure  f o r  V r  con- 
s t a n t ,  i f  no o the r  change were made. Thus, t h e  e l e c t r o n  c u r r e n t  d e n s i t y  
must be ad jus t ed  t o  maintain t h e  va lue  of iv. 
As t h e  maximum i o n  source  pressure i s  inc reased ,  t h e  r e s u l t  i s  (1) a 
sh r ink ing  of t h e  i o n i z i n g  region volume, (2) a decrease i n  t h e  a r e a  of 
t he  e l e c t r o n  en t r ance  and ion e x i t  a p e r t u r e s ,  and (3) an  inc rease  i n  t h e  
maximum t r ansmi t t ab le  i o n  cu r ren t .  The s e n s i t i v i t y  of t he  source  can 
then  be expressed by 
s = I;/Ps 
1/2p- 1 1 2  
o r  S = C5Qa ' 
Y 
which shows t h a t  whi le  t h e  t r ansmi t t ab le  ion  c u r r e n t  increases  wi th  the  
square r o o t  of  t he  pressure  from Equation (3-60) ,  the  ion  source s e n s i -  
t i v i t y  w i l l  decrease wi th  the square  r o o t  of the  maximum ion  source  






















e .  The gas flow , Qq , r egu la t ed  by the  pumping system a l s o  governs the  
source  conductance,  and thus the  va lue  of R.  Consequently,  t h i s  "inde- 
pendent" c o n t r o l  of t h e  a rea  f o r  t ransmiss ion  a l lows  f o r  an  inc rease  i n  
t h e  i o n  c u r r e n t .  This process of i nc reas ing  the  pumping capac i ty  can- 
n o t ,  however, cont inue  i n d e f i n i t e l y ,  s i n c e  even tua l ly  the  ion  e x i t  
a p e r t u r e  w i l l  exceed the maximum ob jec t  s i z e  of the  a n a l y z e r ,  o r  c r e a t e  
too  much f i e l d  cu rva tu re  wi th in  t h e  i o n i z i n g  reg ion  due t o  t h e  l a r g e  
a p e r t u r e  s i z e .  
From t h e  primary parameters de r ived  above, t h e  remaining ion  source  v a r i a b l e s  can  
be def ined  a s  a func t ion  of  t h e  maximum designed p res su re .  
The he igh t  of t h e  e l e c t r o n  en t r ance  ape r tu re ,  t ,  i s  found by s u b s t i t u t i n g  Equa- 
t i o n s  (3-22) and (3-23) i n t o  t h e  d e f i n i t i o n  of K 1  which g ives  
R 
t 
However, s i n c e  [$] K w i l l  always remain cons t an t  f o r  g iven  L*/t  r a t i o ,  t h i s  
equa t ion  reduces t o  t h e  form 
R - = K6 t (3-66) 
where 
A magne t i ca l ly  a l igned  e l e c t r o n  beam w i l l  have a th i ckness ,  t ' ,  w i t h i n  an  or tho-  
gonal  e l ec t r i c  f i e l d  which i s  def ined by t h e  express ion  
(3-67) 
Thus by s u b s t i t u t i o n  f o r  f h e  def ined  d i s t a n c e s  and t h e  i o n  e x t r a c t i o n  p o t e n t i a l ,  
t h e  r e q u i r e d  magnetic f i e l d  s t r e n g t h  t o  o b t a i n  a des i r ed  i o n  energy spread can be 
found. This  i s  a func t ion  of the  maximum pres su re  from t h e  r e l a t i o n s h i p  
BZ = 
(3-68) 
A r eg ion  con ta in ing  perpendicular  magnetic and e l e c t r i c  f i e l d s  w i l l  "bend" an 
e l e c t r o n  beam t r a v e l i n g  along the  magnetic f i e l d  l i n e s  or thogonal ly  t o  t h e  two 
c rossed  f i e l d s .  
bv 
The e f f e c t i v e  angle  through which i t  i s  "bent" can be expressed 
( 3 - 6 9 )  
3 - 2 2  
8 can be found a s  a f u n c t i o n  of t h e  maximum pres su re  by s u b s t i t u t i o n  f o r  t he  i o n  
e x t r a c t i o n  p o t e n t i a l ,  the  magnetic f i e l d ,  and the  d i s t a n c e  between the ion  ex- 
t r a c t i o n  e l e c t r o d e s  * 
3 . 2 . 3  PHYSICAL LIMITATIONS 
While the  equat ions developed i n  t h e  previous s e c t i o n s  a r e  t h e o r e t i c a l l y  v a l i d  f o r  
t he  design of a high p res su re  i o n  source,  phys i ca l  l i m i t a t i o n s  w i l l  prevent them 
from being r e a l i z e d  due t o  t h e  following c h a r a c t e r i s t i c s :  




The a p e r t u r e s  which a r e  c o n t r o l l i n g  the  gas flow w i l l  approach t h e  l i m i t  
of mach inab i l i t y  un le s s  the pumping speed i s  increased.  This cannot be 
increased i n d e f i n i t e l y  however due t o  t h e  reasons p rev ious ly  explained.  
The e l e c t r o n  c u r r e n t  dens i ty  cannot be inc reased  beyond the  l i m i t  of 
what can be obtained by focusing e l e c t r o n s  from the  f i l amen t  t o  t h e  
ape r tu re .  
t h e  cons t an t  iv w i l l  no t  be maintained t o  g ive  a def ined n o n - l i n e a r i t y  
un le s s  t h e  i o n  e x t r a c t i o n  p o t e n t i a l  i s  changed. 
va lue  of t h e  t r a n s m i t t a b l e  ion  c u r r e n t .  
Consequently, when the  emission d e n s i t y  reaches a maximum, 
This w i l l  change the  
There exists a maximum c u r r e n t ,  i o n  o r  e l e c t r o n ,  which can be t r a n s -  
mi t t ed  through an  a p e r t u r e  due t o  space charge. 
With t h e  d i s t a n c e ,  d ,  decreasing between the  r e p e l l e r  and a c c e l e r a t o r  
a s  the p re s su re  i s  increased,  and wi th  Vr remaining c o n s t a n t ,  t h e  d i s -  
tance w i l l  reduce t o  the  point where vo l t age  breakdown can occur. 
It was p rev ious ly  seen t h a t  t o  keep the r e l a t i v e  parameter,  iv, c o n s t a n t ,  i t  i s  
necessary t o  maintain a cons t an t  e l e c t r o n  c u r r e n t ,  J w t ' ,  t o  t he  anode. 
s i n c e  w is  s c a l i n g  w i t h  R, and t '  is a func t ion  of d ,  t hen  t h e  e l e c t r o n  c u r r e n t  
d e n s i t y  must i nc rease  w i t h  the  3/2 power of t he  maximum p r e s s u r e  t o  maintain the  
va lue  of iv. Now, i f  t h e  e l e c t r o n  cu r ren t  d e n s i t y  reaches a maximum va lue ,  Jmax, 
due t o  phys i ca l  l imi t a t$ons  of t he  emission system, then t o  maintain t h e  value of 
iv, t h e  i o n  e x t r a c t i o n  p o t e n t i a l  can  be changed wi th  pressure.  
i n g  c a s e ,  t h i s  p o t e n t i a l  can be expressed a s  
However, 
' 
Thus i n  the  l i m i t -  
(3 -70)  
3 -23  
The t r ansmi t t ab le  ion  c u r r e n t  i n  t h e  case where the  e l e c t r o n  c u r r e n t  d e n s i t y  has 
reached a maximum then becomes 
From Equation (3-70), s u b s t i t u t i o n  for Vr i n t o  Equations ( 3 - 6 8 )  and ( 3 - 6 9 )  w i l l  
then g ive  the  va lues  of t he  magnetic f i e l d ,  B,, and the  e l e c t r o n  beam walking 
ang le ,  8, a s  a func t ion  of t h e  maximum pres su re  when the  e l e c t r o n  c u r r e n t  dens i ty  
becomes l imi ted .  
Space charge w i l l  l i m i t  t h e  amount of e l e c t r o n  o r  i o n  c u r r e n t  which can be t r a n s -  
mi t t ed  through a tunne l  ape r tu re .  
maximum i o n  c u r r e n t  t r a n s m i t t a b l e  through a c i r c u l a r  a p k r t u r e  a s  
Spangenberg4 g ives  the  r e l a t i o n s h i p  f o r  t h e  
( 3 - 7 2 )  
Thus, t h e  maximum i o n  c u r r e n t  due t o  space charge i n  the  a p e r t u r e  i s  a func t ion  of 
t h e  i o n  e x t r a c t i o n  p o t e n t i a l  i f  t h e  R/L1 r a t i o  remains cons t an t  a s  def ined f o r  t he  
cons t an t  K2. 
d e n s i t y  becomes l imi t ed ,  t h i s  maximum c u r r e n t  w i l l  remain cons t an t  a s  t he  maximum 
pres su re  i s  va r i ed ,  and beyond t h i s  po in t ,  i t  w i l l  change i n v e r s e l y  p ropor t iona l  
t o  the 918 power of t he  pressure .  
Spangenberg4 a l s o  g ives  the  r e l a t i o n s h i p  f o r  t h e  space charge l i m i t i n g  of a mag- 
n e t i c a l l y  confined e l e c t r o n  beam passing through a tunnel  ape r tu re .  I n  t h i s  ca se ,  
beam spreading  does no t  occur ,  s o  t ha t  t he  space charge l i m i t  i s  only c r e a t e d  by 
an inc rease  i n  the  c u r r e n t  dens i ty .  This happens when the  p o t e n t i a l  of t h e  c e n t e r  
of the  e l e c t r o n  beam drops t o  the  p o t e n t i a l  of t h e  source.  For a beam which com- 
p l e t e l y  f i l l s  t h e  a p e r t u r e ,  t h e  l i m i t  then occurs when 
It i s  then seen t h a t  up t o  t he  p o i n t  where the  e l e c t r o n  c u r r e n t  
APERTURE 
MAX 
( 3 - 7 3 )  
This express ion  shows t h a t  t he  space charge l i m i t  of a magnet ica l ly  confined 
e l e c t r o n  beam pass ing  through a tunnel ape r tu re  i s  independent of the  dimensions 
of t h e  a p e r t u r e ,  and s o l e l y  dependent upon the  energy of t he  e l e c t r o n s  upon 
reaching  the  ape r tu re .  
emission system by inc reas ing  the  energy of t h e  e l e c t r o n s  before  they pass through 





















t he  a p e r t u r e .  
necessary c u r r e n t  d e n s i t y  t o  t h e  ion iz ing  r eg ion  i s  found t o  be 
The minimum energy thus r equ i r ed  of t h e  e l e c t r o n s  t o  pass the 
= (9.833 x loe2 )  (i,) APERTURE 
MINIMUM 
( 3 - 7 4 )  
up t o  the  l i m i t  of t h e  emission system. Beyond t h i s  l i m i t ,  t h i s  expression then 
changes t o  
( K ~ S  pa4 ),I6 
= (9 .833)  
48.4 x 10 K1 'el APERTURE I MINIMUM 
( 3 - 7 5 )  
The l a s t  phys i ca l  l i m i t a t i o n  involves t h e  approach toward breakdown due t o  the  
dec reas ing  r e p e l l e r - a c c e l e r a t o r  d i s t ance ,  d ,  while  t he  maximum pres su re  i s  i n -  
c r e a s i n g  and t h e  e x t r a c t i o n  p o t e n t i a l  i s  remaining constant .  
breakdown ve r sus  the  p re s su re  t i m e s  the e l e c t r o d e  spacing i s  given i n  Figure 3-5.  
However, t h e  absc i s sa  of the  curve,  P x d ,  i s  a cons t an t ,  s i n c e  s u b s t i t u t i o n  f o r  
t h e  d i s t a n c e  gives  
A p l o t  of vo l t age  
S 
Ps x d = (>)[I$ ln(&)] 'AN ( 3 - 7 6 )  
and thus  the  breakdown vo l t age  w i l l  rema-3 cons t an t  a s  t h e  maximum designec 
s u r e  i s  v a r i e d .  The curve shown i n  Figure 3-5 r e p r e s e n t s  t h e  i d e a l i z e d  c a s e ,  
where no sha rp  co rne r s  e x i s t ,  and no charged p a r t i c l e s  a r e  p re sen t  w i t h i n  the  
spacing. In a n  i o n  source,  t h i s  i s  not the c a s e ,  and the  e f f e c t s  from these 
a d d i t i o n a l  cond i t ions  a r e  not  known, so t h a t  t he  degree of confidence i n  the 









































3.3 I O N  SOURCE MASS DISCRIMINATION 
An i o n  source  u t i l i z i n g  a magnetic f i e l d  t o  a l i g n  and c o n s t r a i n  t h e  i o n i z i n g  
e l e c t r o n  beam w i l l  a l s o  c r e a t e  mass d i sc r imina t ing  d e f l e c t i o n s  of t h e  ions  gener-  
a t e d  i n  t h e  same manner a s  a magnetic ana lyze r  s e c t i o n  of a mass spectrometer .  
The d e f l e c t i o n s  w i l l  thus  be dependent upon t h e  molecular  mass-to-charge r a t i o .  
While i t  is p o s s i b l e  t o  de r ive  express ions  f o r  t h e s e  d e f l e c t i o n s ,  t h e  d e r i v a t i o n s  
a r e  dependent upon (1) a knowledge of t he  magnetic f i e l d ,  (2) t h e  f l u x  d e n s i t y  
ve r sus  d i s t a n c e  along t h e  i o n  source  a x i s  from t h e  po in t  of i o n i z a t i o n ,  and 
(3) t h e  i o n  energy w i t h  r e s p e c t  t o  the d i s t a n c e  t r ave led .  
Thus, it appears  more reasonable  t o  analyze t h e  mass d i s c r i m i n a t i o n  by u t i l i z i n g  
a s p l i t  i o n  focus ing  lens i n  t h e  des ign  of t he  test model and measure t h e s e  
d e f l e c t i o n s  by observing t h e  spread p o t e n t i a l  r equ i r ed  t o  focus t h e  d i f f e r e n t  
masses o u t  of t h e  source.  
3.4 SYSTEM TIME RESPONSE ANALYSIS 
A s  de r ived  i n  Sec t ion  3.1.1, t h e  ion source  and ana lyze r  p re s su re  changes a s  a 
f u n c t i o n  of t i m e  w i th  t h e  use of a pump can  be expressed by 
1 - dPS - 1 [P c - (C + c ) Ps + PaCs 0 0  0 8 vS dt (3-6) 
c 
and 
Convert ing these  two equat ions  t o  t h e i r  r e s p e c t i v e  Laplace t ransforms g ives  




These s imultaneous equat ions  have been solved f o r  a s t e p  f u n c t i o n  response ,  and 
a f t e r  t ak ing  t h e  inve r se  t ransform have t h e  form 
-n t -n l t  2 P,( t )  = A1u(t) + Ble + Cle 
and 























I n  o rde r  t o  analyze these  responses f o r  v a r i a t i o n s  of any o r  a l l  o f  t h e  system 
parameters ,  a computer program was generated f o r  t h e s e  s o l u t i o n s  a s  shown i n  
Appendix A. 
S i m i l a r l y ,  t h e  expressions developed i n  Sec t ion  3 . 1 . 2  f o r  t h e  system response 
without  a pump were eva lua ted  and computerized f o r  a s t e p  f u n c t i o n  change i n  the  
e x t e r n a l  p re s su re .  This program i s  l i s t e d  i n  Appendix B.  The r e s u l t s  of the 
T i m e  Response a n a l y s i e  are d i scussed  i n  S e c t i o n  5.2.  




















4 .  SOLUTION TO THE TASK REQUIREMENT 
4 .1  DIMENSIONAL CONSIDERATIONS 
The system f o r  t e s t i n g  t h e  ion  source cons i s t ed  of a quadrupole mass spectrometer  
w i t h  an a t t ached  pumping system of one l i t ter /sec.  I n  o rde r  t o  p r o t e c t  the  f i l a -  
ment and e l e c t r o n  gun, i t  was necessary t o  u t i l i z e  d i f f e r e n t i a l  pumping and t o  
l i m i t  t h e  maximum analyzer  p re s su re  t o  1 x 10-5 t o r r .  For a maximum ion  source 
p r e s s u r e  of 1 x 10-2 t o r r  t h e  d i f f e r e n t i a l  pumping r a t i o  was t h u s ,  1 x lo3.  
Assuming t h e  conductance of the analyzer t o  be much g r e a t e r  than t h e  speed of t he  
pump, from Equation (3-9), t h e  gas flow r a t e  of t h e  ana lyze r ,  Qa, i s  l imi ted  t o  
1 x t o r r - l i t e r s / s e c o n d .  The i o n  source gas conductance i s  found t o  be 
one cc/second. The gas flow is  then divided through the  e l e c t r o n  en t rance  and 
ion  e x i t  ape r tu re s  which toge the r  must g ive  the  d e s i r e d  t o t a l  gas  conductance. 
The r a d i u s  of t he  i o p  exi t  a p e r t u r e  becomes, from Equation (3-31) and f o r  t he  
above va lues ;  
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R = 4.55 x 10-5 k] (meters),  (4-1) 
where K2 and K 1  a r e  the  a r b i t r a r y  sca l ing  cons t an t s  a s  def ined  i n  Sec t ion  3.1.6. 
The c r i t i c a l  dimensions of the  ion iz ing  reg ion ,  1, and 1 2 ,  a r e  r e l a t e d  t o  Ps by 
the  equat ions  developed i n  Sec t ion  3.2.1. 
values  of t h e  i o n  pa th  length ,  e 2 ,  a re  t abu la t ed  i n  Table 4- 1 versus  I+/I$ 
For a n  a i r  sample a t  1 x 10-2 t o r r ,  the  
TABLE 4-1 
Ps = 1 x t o r r  - A i r  Sample 
j2 (meters) a2 ( inches)  + +  I / Io  
99% 6.85 0.00270 
98% 1.36 x 0.00536 
95% 3.51 0.0138 
4 -  1 
From Equation (3-46),  and Table 4-1,  t h e  l eng th  of the e l e c t r o n  beam path i s  then 
found f o r  a chosen I+/It t ransmission percentage.  
anode c u r r e n t  w i l l  i n c r e a s e  I,. 
ou tpu t  w i l l  remain l i n e a r  w i th  the sample p re s su re  i n  the  source.  To f i r s t  o r d e r ,  
t h i s  c o r r e c t i o n  w i l l  cont inue up t o  the l i m i t i n g  emission d e n s i t y  of the f i l amen t .  
However, r e g u l a t i o n  of t h e  
This i n  t u r n  w i l l  i n c r e a s e  I$ such t h a t  the I+ 
For p r a c t i c a l  reasons of t o l e rances  and a p e r t u r e  s i z e s ,  t he  0.0138 inch va lue  f o r  
1 2  was chosen. 
r equ i r ed  f o r  an  e l e c t r o n  beam e q u a l l y  spaced between t h e s e  two e l e c t r o d e s .  
value provides  99% transmission of the ions  a t  1.95 x 10-3 t o r r ,  98% a t  3.88 x 
10-3 t o r r  and 95% a t  10-2 t o r r .  
the  n e t  n o n - l i n e a r i t y  t o  below 2%. 
i s  found from Equation ( 3 - 4 6 )  t o  be 
An 0.028 inch spacing between the repel ler  and a c c e l e r a t o r  i s  
This 
Anode c u r r e n t  compensation i s  expected t o  reduce 
Thus, the e l e c t r o n  c u r r e n t  pa th  l eng th ,  11, 
(4-2) 
The i o n  e x t r a c t i o n  e l e c t r o d e  d i s t a n c e ,  d ,  can then be def ined from Equation (3-56) 
by 
(meters ) 3.51 a 
1 2  d = - =  
a (4-3) 
where Kq i s  chosen f o r  an a i r  sample, and a i s  the f r a c t i o n a l  l o c a t i o n  of t h e  
e l e c t r o n  beam. By p lac ing  the  c e n t e r  of t he  e l e c t r o n  beam i n  the  middle of the 
e x t r a c t i o n  e l e c t r o d e s ,  the cons t an t ,  a ,  becomes 0.5, and thus  d = 7.01 x 10-4 
meters. This i s  done t o  t r y  t o  insure t h a t  a l l  of the e l e c t r o n  c u r r e n t  w i t h i n  
t h e  i o n i z i n g  r eg ion  w i l l  only s t r i k e  the anode s u r f a c e  and not any of t he  o the r  
e l e c t r o d e s .  
The e l e c t r o n  beam width i s  expressed by Equation (3-59), such t h a t  
1 I2 
(meters ) 4.55 [?I R w a - r  K5 K5 (4-4) 
This w id th  i s  t h e r e f o r e  only dependent upon a r b i t r a r y  s c a l i n g  cons t an t s  t o  be 
chosen. Consequently, s i n c e  t h e  beam width i s  se t  equal  t o  t h e  e l e c t r o n  en t r ance  
s l i t  w id th ,  t he  a p e r t u r e  he igh t  can then be der ived from Equation (3-66). 
g ives  
This 
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(me t e r s ) 4.55 [?I R Kg Kg t = - E  
Here, K6 i s  def ined by Equation (3-66). 
(4-5) 
4-2  
The a r b i t r a r y  cons t an t s  involved were chosen on the  b a s i s  of t he  fol lowing 
d i scuss ion :  
a .  The gap conductance ou t  of the source  was a r b i t r a r i l y  s e t  such t h a t  
equa l  conductances would be obta ined  through both  the  e l e c t r o n  en t r ance  
and i o n  ex i t  a p e r t u r e s .  Thus, from Equation (3-25),  K 1  = 2. 
b. Since t h e  t r ansmi t t ab le  ion  c u r r e n t  i s  dependent upon t h e  square  of t h e  
r a d i u s  of  t he  ion  e x i t  ape r tu re  a s  shown i n  Equation (3-48),  i t  i s  then  
d e s i r a b l e  ~ C I  en la rge  t h e  diameter of t h i s  ho le .  Thus, i f  t h e  diameter  
i s  inc reased ,  then  t h e  length of t h e  a p e r t u r e  must i nc rease  a t  a much 
f a s t e r  r a t e  t o  keep the  conductance cons t an t .  As t h i s  length  i n c r e a s e s  
however, t h e  e x i t i n g  i o n s  w i l l  be a f f e c t e d  by t h e  f r i n g e  f i e l d s  e x i s t i n g  
from t h e  g r a d i e n t s  of t h e  ion l ens  system and t h e  ion iz ing  r eg ion  a t  
each  end of t h e  ape r tu re .  Thus, t o  compromise t h e  above e f f e c t s ,  a 
l eng th  t o  diameter  r a t i o  of 2 was chosen f o r  t he  ion  e x i t  a p e r t u r e  which, 
from Equation (3-29), se ts  K2 = 3.72. 
c .  The p o s i t i o n  of t h e  i o n  exit  a p e r t u r e  i s  b e s t  loca ted  i n  t h e  c e n t e r  of 
t h e  i o n i z i n g  r eg ion  i n  order t o  reduce t h e  e f f e c t s  of f i e l d  d i s t o r t i o n  
around t h e  per imeter  of the  e x t r a c t i o n  f i e l d .  
def ined  e l e c t r o n  energy thus r e s u l t s .  The p o s i t i o n  of t h e  a p e r t u r e  a t  
t h i s  p o i n t  i s  nominally one h a l f  of t h e  e l e c t r o n  beam pa th  l eng th ,  a,, 
and thus Kg = 0.5. 
A more uniform f i e l d  and 
d.  To o b t a i n  alignment of t h e  ion iz ing  e l e c t r o n  beam above the  i o n  e x i t  
a p e r t u r e ,  and t o  avoid misalignments caused by v a r i a t i o n s  i n  t h e  e x t r a c -  
t i o n  p o t e n t i a l ,  V r ,  which can d i s p l a c e  t h e  beam sideways i n  t h e  EXB 
f i e l d ,  it i s  d e s i r a b l e  t o  make t h e  e l e c t r o n  beam width wider than  t h e  
i o n  e x i t  a p e r t u r e  diameter ,  A value  of four  t i m e s  t he  diameter  of t h e  
a p e r t u r e  was chosen. 
diameter  on each s i d e  of the a p e r t u r e .  
This a l lows t h e  beam t o  be 1-1/2 t i m e s  t h i s  
From Equation (3-59),  K5 = 0.125. 
e .  The he igh t  of t h e  e l e c t r o n  en t r ance  a p e r t u r e ,  t ,  i s  determined from t h e  
cons t an t  K6 a s  def ined  i n  Equation (3-66), and the  ion  e x i t  a p e r t u r e  
r a d i u s ,  R. But t h i s  va lue  i s  a l s o  dependent upon the  he igh t  t o  l eng th  
r a t i o ,  t /L2 ,  which i s  a n  a r b i t r a r y  choice.  
upon p r a c t i c a l  cons idera t ions  of mach inab i l i t y  and providing t h e  c o r r e c t  
conductance. To al low f o r  t hese  cons ide ra t ions ,  a n  a p e r t u r e  he igh t  of 
0.003 i n .  was chosen which g ives  t h e  r equ i r ed  conductance f o r  t h e  aper -  
t u r e  when t h e  l eng th ,  L2, is  0.063 i n .  The c a l c u l a t e d  va lue  f o r  K6 i s  
thus  1.032. 
A compromise was then  based 
The va lues  of t he  c r i t i c a l  dimensions f o r  t h e  i o n  source  us ing  these  cons t an t s  a r e  
t a b u l a t e d  below i n  Table 4 - 2 .  
4 - 3  
TABLE 4-2 
R = 6.21 x meters (2.45 x inches)  
e2 = 3.51 x lom4 meters (1.38 x inches)  
4, = 2.81 x meters (1.11 x inches)  
d = 7.01 x l f 4  meters (2.76 x inches)  
w - 4.97 x loq4 meters (1.96 x inches)  
t = 7.62 x meters (3.00 x inches)  
L1 2.48 x meters (9.75 x inches)  
L2 = 1.60 x meters (6.30 x inches)  
, 
4.2 ACTIVE DESIGN FACTORS 
The a c t i v e  des ign  f a c t o r s  are t h e  ion iz ing  e l e c t r o n  c u r r e n t  d e n s i t y ,  t h e  i o n  
e x t r a c t i o n  p o t e n t i a l ,  and e l e c t r o n  beam energy i n  t h e  i o n i z i n g  region.  
i n t e r r e l a t e d  parameters a r e  t h e  v a r i a b l e s  which must be adapted t o  both t h e  
dimensions and each o t h e r ,  i n  order  to  r e a l i z e  t h e  des ign  goa ls .  
These 
From Equation (3-57), s u b s t i t u t i o n  for  t h e  designed p res su re ,  t h e  e x t r a c t i o n  
e l e c t r o d e  d i s t a n c e ,  d ,  t h e  c o n s t a n t ,  a ,  t h e  e l e c t r o n  mass, and assuming t h e  i o n  
mass f o r  n i t rogen  a s  the  design-center  mass, then t h e  i o n  e x t r a c t i o n  p o t e n t i a l  
can be expressed by 
From Equation (3-51), it is seen t h a t  t h e  e l e c t r o n  c u r r e n t  d e n s i t y  is dependent 
upon t h e  ion  e x t r a c t i o n  p o t e n t i a l ,  the  wid th  and th i ckness  of t h e  e l e c t r o n  beam, 
and t h e  space charge parameter,  iv. However, the  th ickness  of t h e  e l e c t r o n  beam 
is seen  from Equation (3-64) t o  be dependent upon the  f i x e d  ion  energy spread 
accep tab le  by the  ana lyzer .  For the  p re sen t  a p p l i c a t i o n ,  t h e  quadrupole mass 
f i l t e r  was designed t o  accept  i ons  having an energy spread of up t o  15 v o l t s .  
But, t o  a l low f o r  v a r i a t i o n s  in t h e  magnetic f i e l d  s t r e n g t h  which would change 
t h e  th i ckness  of t he  beam for a given gradie t l t  w i t h i n  t h e  i o n i z i n g  r eg ion ,  a 
va lue  f o r  Mion of 10 v o l t s  is assumed. 
be found t o  be: 
Thus, t he  e l e c t r o n  c u r r e n t  d e n s i t y  can . 
i s4& 
J- -- 1.427 x ( x4 ) . (4-7) 
4 -4 
Solving this expres s ion  f o r  (S 2 Ve1/X2), and s u b s t i t u t i n g  i n  Equation (4-61, g ives ,  
It is important  a t  t h i s  po in t  t o  know what emission d e n s i t i e s  can be obta ined  from 
t h e  f i l amen t  sources  a v a i l a b l e .  A previously designed non-magnetic i o n  source has 
given e l e c t r o n  emission d e n s i t i e s  of 90 amps/meter2 through an  a p e r t u r e  0.010 inch 
high by 0.060 inch  wide, f o r  t o t a l  f i lament  emissions of between 100 and 120 micro- 
amperes. 
d e n s i t i e s  can be obta ined ,  due t o  improved confinement of t h e  beam. 
proven d e n s i t y ,  t he  i o n  e x t r a c t i o n  p o t e n t i a l  is  thus  
However, w i th  a magnet ica l ly  a l igned  e l e c t r o n  beam, h igher  emission 
Using the  
( 4 - 9 )  
The r e l a t i v e  parameter ,  iv, is b e s t  chosen t o  a sma l l  va lue  i n  o rde r  t h a t  t h e  
change i n  t h e  s p a t i a l  p o t e n t i a l ,  Aa2Ia2, i s  sma l l  a s  x changes from x = o t o  
x = XI. However, it is a l s o  d e s i r a b l e  t h a t  V r  no t  become too  l a rge .  Thus, a 
va lue  was chosen of iv = 0.20 such that 
= 39.7 v o l t s  (4-10) 'r 
S u b s t i t u t i n g  t h i s  va lue  i n t o  Equation (4-6), then  i t  i s  seen  t h a t  
2 
'e 1' - = 1.780 x lo7 2 
X 
(4-11) 
For t h e  va lue  of iv chosen above, the va lue  of x a t  t h e  maximum designed p res su re  
w i l l  then  determine t h e  non- l inea r i ty ,  which w i l l  be c r e a t e d  due t o  t h e  changing 
p o t e n t i a l  a t  t h e  i o n i z i n g  plane.  
similar geometry i n  t h e  ion source ,  a 3 percent  i n t e r f e r e n c e  ( n o n - l i n e a r i t y )  
occur red  w h e n b 2 / 4 2  = 0.0233. However, i t  i s  f e l t  t h a t  t he  des ign  va lue  of 
~ 4 9 / 4 2  should be more conserva t ive .  For t h i s  reason ,  a va lue  of x = &was 
used t o  e v a l u a t e  t h e  parameter Ve1S2. Thus, Equation (4-11) becomes 
On one type of mass spec t rometer ,5  having a 
'e 1' = 3.56 . (4 -  12) 
The i o n i z a t i o n  c rosaec t ion ,  S, is dependent upon t h e  i o n i z i n g  e l e c t r o n  energy,  and 
has been thoroughly s tud ied  f o r  many gas  spec ie s .  
e l e c t r o n  energy,  t h e  c r o s s  s e c t i o n s  f o r  n i t r o g e n  and oxygen a r e  n e a r l y  i d e n t i c a l ,  
so t h a t  f o r  a n i t rogen  sample, the dependence of S upon Vel is t abu la t ed  i n  
Table 4-3. 
Between 40 and 100 v o l t s  of 
4-5 
TABLE 4 - 3  
















From t h i s  t a b l e ,  t h e  velues  of Ve1S2 for  n i t r o g e n  have been computed, and a r e  
p l o t t e d  a s  a f u n c t i o n  of the  i o n i z i n g  e l e c t r o n  energy, V e l ,  i n  F igu re  4-1. 
t h i s  curve,  i t  i s  seen  that t o  s a t i s f y  Equation ( 4 - 1 2 ) ,  t he  i o n i z i n g  e l e c t r o n  
energy must be 
From 
= 52 v o l t s  (4-13) 'e 1 
With t h i s  value determined, i t  i s  then p o s s i b l e  t o  c a l c u l a t e  t he  depression i n  
the  s p a c i a l  p o t e n t i a l  of t h e  ion iz ing  plane when t h e  maximum pres su re  of 1 x 
t o r r  i s  reached i n  t h e  ion  qource. From Equation (3-62),  i t  i s  seen t h a t  
Aa2 - = 0.00526 
a2 
( 4 -  14)  
which i s  cons ide rab ly  lower than  the  value which gave a 3 pe rcen t  n o n - l i n e a r i t y  
wi th  t h e  c y c l o i d a l  focusing mass spectrometer.  
The r e q u i r e d  e l e c t r o n  c u r r e n t  i n  the  ion iz ing  r eg ion ,  without  c o l l i s i o n a l  e f f e c t s ,  
can thus  be derived from t h e  r e l a t i o n s h i p s  
- 
I J - w t '  o r  I- ivvr (4-15)  
S u b s t i t u t i q n  oE t hese  determined values g ives  
I- = 7.94 x low6 amperes (4- 16) 
With t h e  c o n s t r a i n t s  of t h e  problem and the values  chosen, t he  i o n  source appears 
t o  be capable  of opera t ion  t o  1 x t o r r .  
4 - 6  
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The t r a n s m i t t a b l e  ion  c u r r e n t  f o r  t h e  parameters der ived can then be found from 
Equation (3-60), which f o r  a n i t r o g e n  sample a t  1 x t o r r  g ives  
+ = 1.608 x lo" amperes I T  ( 4 - 1 7 )  
However, t h i s  c u r r e n t  corresponds t o  the maximum transmission of i on  c u r r e n t  from 
the f i r s t  a p e r t u r e .  Due t o  t h e  o p t i c s  and a p e r t u r e s  of t h e  remainder of t he  ion  
focusing system, i t  i s  assumed t h a t  t h e  output  c u r r e n t  of t h e  i o n  source i n t o  the  
quadrupole ana lyze r  w i l l  only be 10 percent of t h e  t r a n s m i t t a b l e  ion  c u r r e n t  from 
the f i r s t  ape r tu re .  This i on  transmission percentage ag rees  approximately wi th  
t r ansmiss ion  d a t a  taken on p rev ious ly  designed ion  sources .  Consequently, the 
f i n a l  i o n  ou tpu t  c u r r e n t  of the source a t  1 x t o r r  of n i t rogen  should be 
I+ IOUTPUT 1.6 x 10-l' amperes N2 
Thus, t h e  i o n  source s e n s i t i v i t y  w i l l  be 
( 4 - 1 8 )  
( 4 - 1 9 )  
which s a t i s f i e s  t h e  design goa l s  a s  s t a t e d  i n  Sect ion 2 . 0 .  
4 . 3  P A S S I V E  DESIGN FACTORS 
The pass ive  design f a c t o r s  of the ion source c o n s i s t  of t h e  design parameters 
which a re  dependent upon t h e  v a l u e s  of the a c t i v e  design f a c t o r s  determined, in  
Sec t ion  4 . 2 .  These inc lude  t h e  r e s u l t a n t  t h i ckness  of t h e  e l e c t r o n  beam, t , t h e  
r e q u i r e d  magnetic f i e l d  t o  produce t h i s  t h i ckness ,  B,, t h e  walking ang le  of the 
e l e c t r w  beam, 8, and the  p h y s i c a l  l i m i t a t i o n s  placed upon t h e  a c t i v e  design 
f a c t o r s .  
The t h i c k n e s s  of t h e  e l e c t r o n  beam is a def ined parameter which i s  a func t ion  of 
t h e  i o n  energy spread,  AVion, acceptable  by t h e  analyzer .  
t he  sou rce  i s  t o  be designed t o  g ive  an energy spread of 10 v o l t s ,  s o  t h a t  from 
Equation ( 3 - 6 4 ) ,  t h e  r equ i r ed  thickness  i s  
As s t a t e d  i n  Sect ion 4 . 2 ,  
t '  = 1,768 x meters ( 4 - 2 0 )  
S u b s t i t u t i n g  t h i s  value i n t o  Equation ( 3 - 6 8 ) ,  t h e  r equ i r ed  magnetic f i e l d ,  B,, can 
be found, which g ives  
2 B * 8.006 x webers/meter 
Z 
800 gauss 
( 4 - 2 1 )  
4 - 8  
The walking ang le ,  8 ,  of the  e l e c t r Q n  beam can thus be ca l cu la t ed  from Equation 
( 3 - 6 9 )  which g ives  the  r e s u l t  t h a t  
6 =  9.38O ( 4 - 2 2 )  
Since t h e  designed parameters do not  imply a l i m i t a t i o n  occurr ing  due t o  emission 
l i m i t i n g  of t h e  f i lament ,  t he  phys ica l  l i m i t a t i o n s  implied by Equations ( 3 - 7 0 )  and 
( 3 - 7 1 )  w i l l  no t  be p re sen t  i n  the  design being considered.  It is  then necessary 
t o  examine the  space-charge l i m i t i n g  which w i l l  occur i n  the  tunnel  ape r tu re s  t o  
see  i f  the  designed c u r r e n t s  w i l l  pass  through t h e  ape r tu re s .  The maximum c u r r e n t  
which can be passed through the  ion  e x i t  a p e r t u r e  i s  def ined  by the  r e l a t i o n s h i p  
of the parameters expressed by Equation ( 3 - 7 2 ) .  S u b s t i t u t i n g  t h e  va lues  previously 
der ived ,  i t  i s  then seen t h a t  
= 3.81 x amperes + 
MAX 
( 4 - 2 3 )  
which is much g r e a t e r  than the maximum i o n  c u r r e n t  t r ansmi t t ab le  a t  t he  maximum 
pres su re  def ined  by Equation (4-18). 
For the  e l e c t r o n  en t rance  ape r tu re ,  Equation ( 3 - 7 3 )  d e f i n e s  the  space charge l i m i t  
f o r  the  e l e c t r o n  cu r ren t .  Assuming tha t  t he  p o t e n t i a l  of t h e  e l e c t r o n  en t rance  
a p e r t u r e  i s  the  same a s  t h e  ion  acce le ra to r  i n  which the i o n  e x i t  a p e r t u r e  i s  
l o c a t e d ,  i t  can be w r i t t e n  t h a t  
( 4 - 2 4 )  1 2 r  + - v  
Rearranging terms and s u b s t i t u t i n g  values g ives  
= 32 v o l t s  1 APERTURE 
The maximum c u r r e n t  passable  through the  e l e c t r o n  en t rance  ape r tu re  i s  thus 
= 5.92 x amperes I S C  I TUN 
( 4 - 2 5 )  
( 4 - 2 6 )  
I MAX 
which i s  much g r e a t e r  than the  required e l e c t r o n  c u r r e n t ,  and moreover much 
g r e a t e r  than can be suppl ied  by the  emission system. 
These c a l c u l a t i o n s  show t h a t  t he  e f f e c t s  of space charge i n  the  tunnel  ape r tu re s  
w i l l  be n e g l i g i b l e .  
The breakdown p o t e n t i a l  f o r  a designed maximum pressure  of 1 x 10-2 t o r r  can be 
found from the  curve i l l u s t r a t e d  i n  Figure 3-5 .  
7.01 x tor r -meters  which would have a breakdown vol tage  of g r e a t e r  than 
lo5 v o l t s  without  the  presence of charged p a r t i c l e s  or  sharp  corners  w i th in  the 
i o n i z i n g  reg ion .  The 40 v o l t  e x t r a c t i o n  p o t e n t i a l  i s  a l s o  below the  minimum 
value of 300 v o l t s  f o r  pure gaseous breakdown. 
For the  design v a l u e s ,  Psxd = 
4-9  I 











The des ign  of a h igh  p res su re  i o n  source capable  of ope ra t ing  a t  p ressures  up t o  
1 x 10-2 t o r r  was accomplished wi th  a goal  of u t i l i z i n g  t h e  instrument  wi th  a 
prev ious ly  designed quadrupole mass spectrometer.  The dimensions above were 
u t i l i z e d  t o  de f ine  the  spacings of t he  i o n  source f o r  compatible ope ra t ion  a t  t h e  
maximum opera t ing  pressure .  Fur ther  ana lys i s  and des ign  was r equ i r ed ,  however, 
t o  determine the  s i z e  of the  magnet t o  o b t a i n  t h e  necessary BZ f i e l d ,  and t o  com- 
p u t e  t he  t i m e  response of t he  designed system. The f i n a l  conf igu ra t ion  of t he  
ion  source assembly i s  i l l u s t r a t e d  i n  Figure 5-1. An exploded view of the  ion iz ing  
r eg ion  c r o s s  s e c t i o n  is  shown i n  Figure 5-2, with t h e  var ious  e l e c t r o d e s  being 
c a l l e d  out .  
5.1 MAGNET DESIGN 
Due t o  t h e  r e l a t i v e l y  low magnetic f i e l d  r equ i r ed ,  and t h e  l imi t ed  spacing i n  t h e  
source reg ion ,  t h e  use of Placovar 6 was incorpora ted  f o r  t h e  magnet m a t e r i a l .  
While expensive,  t h i s  m a t e r i a l  has d i s t i n c t  advantages f o r  space-cons t r ic ted  
des igns  s i n c e  i t  has a very  h igh  energy product.  
F igures  5-3 and 5-4 show t h e  demagnit izat ion curve and e f f e c t  of high temperatures ,  
r e s p e c t i v e l y ,  upon the  Placovar mater ia l .  The f l u x  curve versus  temperature i s  
f o r  t he  i n i t i a l  exposure of t h e  ma te r i a l  t o  a d e s i r e d  temperature ,  and subsequent 
exposures  t o  temperatures  equal  t o  o r  lower than  the i n i t i a l  one do no t  reduce the  
f l u x  level f u r t h e r .  Thus, t o  o b t a i n  a Bz f i e l d  of a t  l e a s t  800 gauss a s  der ived  
i n  Equation (4-21) and a bakeout c a p a b i l i t y  of 350°C, then from Figure 5-4, t h e  
magnet must be chargeable  t o  a t  l e a s t  915 gauss i n  the  gap. To allow f o r  a s a f e t y  
f a c t o r  i n  the  approach, t h e  magnet f lux  d e n s i t y  ob ta inab le  i n  t h e  gap was chosen 
a t  1000 gauss. 
. 
Due t o  the  r e l a t i v e  s i z e s  of t h e  i o n  source m a t e r i a l  t o  be placed between the  
magnet po le s ,  t he  length  of t he  magnet gap was def ined  i n  t h e  des ign  t o  be approxi-  
mately 0.600 inch. Furthermore, f o r  t h e  i o n  source t o  f i t  w i t h i n  the  housing, t he  
length  of the  pole  f a c e  m a t e r i a l  on each s i d e  of t h e  source was r e s t r i c t e d  t o  about 
0.300 inch.  
To o b t a i n  the  lowest leakage f a c t o r  of t h e  magnet, t h e  optimum magnet-yoke combi- 
na t ion  conf igu ra t ion  i s  a cons t ruc t ion  where the  magnet m a t e r i a l  i s  loca ted  a t  the  
pole  f a c e s  wi th  the  connect ing yoke made from high  parmeabi l i ty  s o f t  i ron .  This 
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I n  t h e  conf igu ra t ion  of F igure  5-5,  the a rea  of t he  magnet i s  equal  t o  the  a rea  
of t h e  gap, o r  
Am = A 
g 
(5-1)  
Using the  equat ions  presented by Thomas and Skinner ,7 t h e  magnet r e l a t i o n s h i p s  can 
be expressed by 
and,  
where 
L =  
g 
A =  
g 
f =  
F =  
fH L 




T o t a l  magnet length  (cm) 
Magnet c r o s s  s e c t i o n a l  area (cm ) 
Length of gap (cm) 
Area of gap (cm) 
Reluctance f a c t o r  
























B = Required gap f l u x  d e n s i t y  (gauss)  
g 
H = Gap Demagnitizing Force (oers teds)  
g 
Flux dens i ty  i n  the  magnet (gauss)  Bd 
Hd Corresponding Demagnitizing Force i n  the  magnet f o r  Bd (oers teds)  
= 
= 
But  s i n c e  
(5-4) 
where p i s  the  permeabi l i ty  of the  gap medium, and f o r  the non-magnetic m a t e r i a l  
i n  t he  gap, p = 1 then 
B = H  . 
g g 
(5-5) 
Using t h e  dimensions which f i t  both the i o n  source and ana lyzer  housing i n t e r f a c e s ,  
Lm = 1.523 cm . 
From Equation (5-2) 
Hd = 100 f (oe) 
Assuming a r e luc t ance  f a c t o r  ( r a t i o  of MMF of c i r c u i t  t o  MMF of gap) of 1.5, then 
Hd = 1500 oe (5-6) - 
From t h e  demagnit izat ion curve i n  Figure 5-3, t he  magnet f l u x  d e n s i t y  i s  thus 
seen t o  be 
Bd = 4800 gauss (5-7) 
For the  p a r t i c u l a r  arrangement of magnet and yoke being used,  t he  leakage f a c t o r  
can be computed us ing  t h e  formula 
L C  0.34 L 
F = 1+p[ g 0 . 8 7 5 ~  + 1.3 L g + -4 X 
where 
x = l ength  of one of t he  magnet p ieces  (cm) 





















However, combining Equations (5-1) and ( 5 - 3 ) ,  i t  i s  seen  t h a t  the  leakage f a c t o r  
should be no g r e a t e r  than 
F = 4.8 (5-9) 
Therefore ,  s u b s t i t u t i o n  i n t o  Equation ( 5 - 8 )  gives  t h e  r e s u l t  t h a t  
X 
C - = 2.58 A 
g 
(5-10) 
Using a c i r c u l a r  magnet a s  a pole  piece,  t he  circumference t o  a rea  r a t i o  i s  thus 
cX 2 
- E -  
R m A 8 
where Rm = magnet r ad ius  (cm) 
and thus  
R = 0.775 cm m 
The diameter  of the  magnet r equ i r ed  i s  thus  0.61 inch. Fu r the r  cons ide ra t ion  
ind ica t ed  t h a t  t h e  magnet gap could be reduced t o  0.540 inch. The fol lowing 
dimensions were then used f o r  obtaining t h e  Placovar magnets: 
L - 0.600 inch  m 
or  
x = 0.300 inch and 
R = 0.300 inch . m 
To ga in  s i m p l i c i t y  i n  the  des ign ,  the  magnet yoke was combined wi th  the  ion  source 
mounting r i n g ,  a s  seen  i n  F igure  5-1, 
t o  o b t a i n  high permeabi l i ty  and low leakage. 
us ing  0.150 inch  t h i c k  m a t e r i a l  f o r  the yoke i n  t h i s  conf igu ra t ion ,  then the  f i e l d  
s t r e n g t h  i n  the  gap would s u f f e r  only a n e g l i g i b l e  loss.  
This r i n g  was made of Armco i r o n  i n  order  
Fur ther  c a l c u l a t i o n s  showed t h a t  by 
5.2 TIME RESPONSE 
The t i m e  response of t h e  ion  source  and ana lyzer  was computed using the  program 
descr ibed  i n  Sect ion 3.4  and shown i n  Appendix A. 
l i t e r  per  second pump, and having an e f f e c t i v e l y  open i o n i z i n g  reg ion  t o  the  
e x t e r n a l  atmosphere, the  ion  source  reaches 95 percent  of i t s  f i n a l  value ( 3  t i m e  
c o n s t a n t s )  i n  0.0025 seconds. The source t i m e  cons t an t  i s  thus 
For the  system using a one 
7s = 833 p-seconds 
f o r  a s t e p  change i n  the  e x t e r n a l  environmental p ressure .  




















The program was then  used t o  analyze t h e  i o n  source  and ana lyzer  p re s su res  a s  a 
func t ion  of t i m e  f o r  s t e p  changes i n  t h e  e x t e r n a l  p re s su re ,  from 1 x 10'8 t o  
1 x 10'2 t o r r  and back t o  1 x 
second t i m e  per iod.  
t i o n  of t h e s e  changes i n  the  ex te rna l  p re s su re .  
ana lyzer  p re s su re  response.  
t o r r ,  i n  h a l f  second i n t e r v a l s  over a f i v e  
Figure 5-6 shows the  i o n  source  p re s su re  response a s  a func- 
F igure  5-7 s i m i l a r l y  shows t h e  
For use of t h e  system without  a pump, t h e  program given  i n  Appendix B was u t i l i z e d .  
F igure  5-8 shows t h e  i o n  source response t o  t h e  changes i n  t h e  e x t e r n a l  p re s su re ,  
and Figure  5-9 shows the  ana lyzer  pressure response.  
These d a t a  were taken i n  o rde r  t o  analyze t h e  e f f e c t s  p re sen t  i n  t h e  i o n  source  
a s  t h e  s p a c e c r a f t  tumbled through the  o u t s i d e  atmosphere. 
t h e  use of a pump b e n e f i t s  t h e  system i n  t h e  p r e s s u r e  bui ld-up of both t h e  i o n  
source  and t h e  analyzer .  
dynamic e x t e r n a l  p re s su re  range would r e s u l t .  
It c l e a r l y  shows t h a t  
Thus, more a c c u r a t e  atmospheric a n a l y s i s  over  a wider 
5.3 MECHANICAL CONSIDERATIONS 
The mechanical des ign  of t h e  high pressure  i o n  source was accomplished wi th  two 
goa 1s : 
a. To achieve  t h e  dimensional requirements  a s  der ived  i n  t h e  t h e o r e t i c a l  
a n a l y s i s .  
b. To s i m p l i f y  t h e  mechanical arrangement of t h e  e l e c t r o d e s  f o r  repro-  
d u c i b i l i t y ,  ea se  of assembly, and reducing t h e  occurrance of sho r t ed  
e l ec t rodes .  
To meet t h e  goa l s ,  t h e  f i n a l  design a s  shown i n  F igure  5 -1  evolved. The mechan- 
i c a l  assembly of t h e  source  involves two a l ignments ,  and t e n  screws holding t h e  
va r ious  e l e c t r o d e s  t o  t h e  mounting block. This  mounting block con ta ins  the  e l e c -  
t r o n  en t r ance  and i o n  ex i t  ape r tu re ,  and serves a s  both  t h e  e l e c t r o n  and i o n  
a c c e l e r a t o r s .  
r i n g  by t w o  screws. 
i n t o  it. Four ho le s ,  compatible with t h e  previousl 'y b u i l t  quadrupole ana lyze r s  
a r e  provided for mounting t h e  r i n g  t o  t h e  mass spectrometer .  
arrangement is  that t h e  completed ion source  can  be a l igned  t o  t h e  ana lyzer  and 
removed many times without  d i s tu rb ing  t h i s  alignment,  
remaining w i t h i n  t h e  housing is  the mounting r i n g  con ta in ing  t h e  two permanent 
magnets. Four sub-assemblies a r e  then mounted t o  the  block;  the f i l amen t  assembly, 
t h e  i o n  focus ing  system, t h e  anode, and t h e  r e p e l l e r .  
It mounts by a dowel-pin-type arrangement t o  t h e  i o n  source  mounting 
The mounting r i n g  is  t h e  yoke f o r  t h e  magnets which press 
The f e a t u r e  of t h i s  
The only p a r t  of t he  source  
The f i l amen t  assembly mounts t h e  f i lament  ac ross  two l a r g e  metal  blocks which a r e  
he ld  wi th  r e s p e c t  t o  each o the r  by a s u i t a b l e  i n s u l a t i n g  media, I n  t h i s  a p p l i c a -  
t i o n ,  each of t hese  blocks is mounted t o  t h e  f i l amen t  s h i e l d  wi th  an  i n s u l a t i n g  
washer,  such t h a t  t h e  s h i e l d  becomes t h e  s e p a r a t i o n  and l o c a t i n g  media. A conse- 
quence of t h i s  mounting i s  t h a t  the f i l amen t  hea t  i s  b e t t e r  u t i l i z e d  t o  hea t  and 
ma in ta in  t h e  c l e a n l i n e s s  of t he  source. I n  o rde r  t o  save c r i t i c a l  spac ing ,  t h i s  
assembly i s  then  mounted t o  the  i o n  source  block by t h e  same two screws which hold 
the  anode. 
t h read  d i r e c t l y  i n t o  the  f i l amen t  mounting blocks.  
mounting of t h e  anode t o  t h e  source block i s  a l s o  important.  
t h e  i o n i z i n g  r eg ion  c r o s s - s e c t i o n  i l l u s t r a t e d  i n  F igure  5-2. 
The anode i s  e l e c t r i c a l l y  i s o l a t e d  from t h e  screws however, which 
Maintaining a gas  s e a l  i n  t h e  
This  i s  shown i n  
5 -8 
4 3 4 5 0 A 
5-9 





































The ion  focus ing  system c o n s i s t s  of stacked e l e c t r o d e s  i n s u l a t e d  by ceramic 
washers.  These a r e  compressed a g a i n s t  t h e  mounting block by the  mounting of t h e  
ion  e x i t  nozzle  t o  the  block.  The nozzle i s  a de f ined  i n t e r f a c e  i n t o  t h e  quad- 
rupole  ana lyze r ,  but i n  t h i s  c a s e ,  a d d i t i o n a l  ho le s  a r e  provided through t h e  s i d e s  
of t he  nozzle  t o  keep t h e  i o n  focusing a rea  i n  t h e  low p res su re  a rea  of t he  
instrument .  The i o n  focus system u t i l i z e s  a s i n g l e  l e n s  between t h e  a c c e l e r a t o r  
and nozzle  t o  form a t h r e e  element foca l  system, This  lens  i s  then  s p l i t  i n  t h e  
p r e f e r r e d  o r i e n t a t i o n  t o  compensate for i o n  source  mass d i sc r imina t ion  a s  descr ibed  
i n  Sec t ion  3 . 3 .  
The r e p e l l e r  i n  t h i s  des ign  serves two func t ions ,  (1) a n  i o n  e x t r a c t i o n  e l e c t r o d e ,  
and ( 2 )  the  gas  i n l e t  system t o  t h e  ion iz ing  reg ion ,  As seen i n  F igures  5-1 and 
5-2,  a b l i n d  ho le  i s  d r i l l e d  down t h e  r e p e l l e r  t o  a p o i n t  a t  which two or thogonal  
ho les  meet i t .  The i n l e t  gas  flow e n t e r s  t h e  i o n i z i n g  r eg ion  through t h i s  system. 
The r e p e l l e r  i s  then  i s o l a t e d  from the source  block by a ceramic p l a t e  which 
provides  both  e l e c t r i c a l  i n s u l a t i o n  and gas  sea l ing .  Removal of t h e  r e p e l l e r  on ly  
involves  t h e  unfas ten ing  of t w o  screws. 
of t h e  a p e r t u r e s  and l enses  of t he  i o n  focus ing  system. 





















6. TEST RESULTS 
The performance t e s t i n g  of h igh  pressure  ion  source was d iv ided  i n t o  t h e  t h r e e  
a r e a s  l i s t e d  below: 
a.  E lec t ron  c u r r e n t  tune-up 
b. Ion  c u r r e n t  tune-up 
c. Output c u r r e n t  l i n e a r i t y  with r e s p e c t  t o  i o n  source  pressure .  
To accomplish t h i s  t a s k ,  t he  i o n  source was mounted i n  t h e  pro to type  Spec ia l i zed  
Mass Spectrometer.  This tube was f ab r i ca t ed  f o r  Goddard Space F l i g h t  Center  on 
t h e  NASA Cont rac t  NAS5-3453, I t e m  A. The use  of t h i s  ins t rument  p rope r ly  simula- 
t ed  t h e  a c t u a l  use  of t h e  source.  
The i n i t i a l  measurements on t h e  i o n  source cons i s t ed  of two a x i a l  f i e l d  p l o t s  of 
t h e  magnetic f i e l d .  The f l u x  d e n s i t y  of t h e  f i e l d  was p l o t t e d  down t h e  i o n  source 
and quadrupole a x i s ,  and a l s o  down the a x i s  of t he  magnets, w i t h  da ta  recorded 
one inch  away from t h e  magnet c e n t e r .  Both axes a r e  no t  t h e  same s i n c e  i t  was 
necessary  t o  o f f s e t  t h e  magnets t o  accomodate t h e  f i l amen t  assembly. These two 
f i e l d  p l o t s  a r e  i l l u s t r a t e d  i n  Figures  6-1 and 6-2. While t h e  f i e l d  f l u x  d e n s i t y  
of 1550 gauss  was g r e a t e r  than  a n t i c i p a t e d ,  on ly  t h e  e l e c t r o n  beam h e i g h t ,  t ' ,  and 
t h e  walking angle  of t he  beam, 8 ,  were e f f ec t ed .  
wid th  r e l a t i v e  t o  the  i o n  e x i t  ape r tu re  diameter allowed us ing  t h e  magnet as 
charged. 
Adequate margin i n  t h e  beam 
The quadrupole ana lyzer  was then  assembled wi th  the  h igh  p res su re  i o n  source  and 
mounted on a vacuum system f o r  t e s t i n g  of t h e  e l e c t r o n  c u r r e n t  t ransmiss ion  
parameters .  
i n  F igure  6-3. 
The t e s t  e l e c t r o n i c s  were then  se t  up i n  t h e  c o n f i g u r a t i o n  i l l u s t r a t e d  
The o r i g i n a l l y  i n s t a l l e d  f i lament  was a 0.005 inch  diameter  wire of 75 percent  
Tungsten - 25 percent  Rhenium a l l o y ,  and was a l igned  d i r e c t l y  w i t h  t h e  c e n t e r  l i n e  
of t h e  e l e c t r o n  en t r ance  ape r tu re .  
f i l amen t  was turned on and a s tandard  f i lament  burn-in procedure employed. The 
r e s u l t s  a t  t h i s  po in t  appeared t o  be q u i t e  normal, so t h e  source  was then  recon- 
nec ted  t o  o b t a i n  anode c u r r e n t .  None was obtained r e g a r d l e s s  of vo l t age  v a r i -  
a t i o n s ,  so  the  source was then  removed and disassembled f o r  i n spec t ion .  
observed t h a t  t h e  f i lament  had bowed approximately 0.010 inch  from t h e  c e n t e r  l i n e  
of t h e  a c c e l e r a t o r  s l i t .  A new f i lament  of the  same m a t e r i a l  was then  i n s t a l l e d  
and a l i g n e d ,  and the  source was pumped down. 
A t  an  ana lyzer  pressure  of 2 x 10-7 t o r r ,  t h e  
It was 
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When t h i s  f i l amen t  was turned on t h e  results were i d e n t i c a l .  
aga in ,  moved away from the  a c e l e r a t o r  s l i t  and no anode c u r r e n t  could be obta ined .  
The f i l amen t  had, 
A c o i l e d  f i l amen t  was then  cons t ruc ted  using 0.005 inch  diameter  wire (25 percent  
Tungsten and 75 percent  Rhenium) wound on B 0.007 inch  diameter  form. This f i l a -  
ment was i n s t a l l e d  and a l igned  so t h ree  c o i l s  were d i s t r i b u t e d  over t h e  l eng th  of 
t he  en t r ance  ape r tu re .  
achieved whi le  ob ta in ing  a t o t a l  emission c u r r e n t  of 200 microamperes. 
s h o r t  t i m e ,  t h i s  decayed t o  2 x 10'8 amperes maximum r e g a r d l e s s  of t he  app l i ed  
p o t e n t i a l s .  
With t h i s  arrangement, 4 microamperes of anode c u r r e n t  was 
A f t e r  a 
The system was then  analyzed t o  see i f  t h e  changing f i l amen t  p o s i t i o n  was a func-  
t i o n  of n a t u r a l  sag ,  o r  i f  t h e  f o r c e  app l i ed  by t h e  f i l amen t  c u r r e n t  and t h e  
or thogonal  magnetic f i e l d  could be moving the  f i l amen t  from i ts  a l tgned  loca t ion .  
The f i l amen t  p o l a r i t y  was thus  reversed t o  determine i f  t h e  magnetic f i e l d  was 
apply ing  enough f o r c e  t o  tow t h e  f i lament  away from t h e  a c c e l e r a t o r  s l i t .  Again, 
t h e  anode c u r r e n t  was 4 microamperes a s  be fo re ,  and t h i s  s lowly decaded t o  an  
unacceptable  value.  
move. To prove the above, a new f i lament  (0.003 diameter  c o i l e d  wire) was i n s t a l -  
l e d  and turned  06. 
r evea led  t h a t  t h e  f i l amen t  had moved 0.021 inch  from t h e  a c c e l e r a t o r  s l i t  i n  t h e  
d i r e c t i o n  of t h e  magnetic force .  
of 1500 gauss and 1.5 amperes of f i lament  c u r r e n t ,  g iv ing  
The magnetic f i e l d  was appa ren t ly  caus ing  t h e  f i l amen t  t o  
No anode c u r r e n t  was obta ined  a s  expected,  and i n s p e c t i o n  
This f o r c e  was then  c a l c u l a t e d  us ing  the  va lues  
-2 l b - f t  
2 F - 1.78 x 10 sec 
This  f o r c e  appeared comparable t o  the  f i l amen t  s t r e n g t h  and was assumed t o  cause  
t h e  movement of t h e  f i lament .  
I n  o rde r  t o  a l l e v i a t e  t h i e  problem, a r ibbon f i l amen t  was cons t ruc t ed  of pure 
Rhenium, of dimensions 0.0015 x 0,010 inch ,  and was i n s t a l l e d  w i t h  t h e  s t i f f  
d i r e c t i o n  p a r a l l e l  t o  the app l i ed  force.  The anode c u r r e n t  t hus  obta ined  was 
1.5 microamperes ou t  of a t o t a l  cu r ren t  of 100 microamperes. 
e f f i c i e n c y  i n  t h i s  ca se  was lower, but i t  proved t o ' b e  more r e l i a b l e  and more 
c o n s i s t a n t .  The f i l amen t  c u r r e n t  was he ld  below 1.5 amperes. 
The t r ansmiss ion  
From t h e  r e s u l t s  of an  e l e c t r o l y t i c  tank i n v e s t i g a t i o n  of t h e  i o n  focus ing  system, 
i t  appeared t h a t  t h e  tube l ens  e f f e c t s  c r e a t e d  a t  t h e  i o n  e x i t  a p e r t u r e  would no t  
s e r i o u s l y  drop t h e  s e n s i t i v i t y  of the  source  by defocusing of t h e  i o n  beam, 
F igure  6-4 i l l u s t r a t e s  a t y p i c a l  s e r i e s  of t r a j e c t o r i e s  through .the ape r tu re .  
These i n d i c a t e  that whi le  the ions  en te r ing  near t h e  edge of t h e  a p e r t u r e  do 
undergo some defocusing,  they  re focus  upon e x i t i n g  t h e  tube l e n s ,  t hus  keeping 
them w i t h i n  t h e  boundary l i m i t s  of the a p e r t u r e  wa l l s .  From these  r e s u l t s ,  i t  
appears  reasonable  t h a t  t h e  10 percent t ransmiss ion  e f f i c i e n c y  of t h e  ions  
assumed f o r  Equation (4-18) is r e a l i z a b l e .  
The s e n s i t i v i t y  tune-up of t h e  i o n  source was accomplished by opt imiz ing  the  i o n  
output  c u r r e n t  over a range of r e p e l l e r  and f i l amen t  r e fe rence  supply p o t e n t i a l s .  
The i o n  focus  l enses  were tuned t o  the maximum s e n s i t i v i t y  i n  each case .  This 
procedure developed t h e  optimum i o n  source p o t e n t i a l ,  V r ,  of 46 v o l t s  and a f i l a -  














The energy of the  e l e c t r o n s  upon ion iza t ion  i s  descr ibed  by Equation ( 4 - 2 4 )  which 
g ives  a value of V e l  = 53 v o l t s .  These p o t e n t i a l s  g ive  ve ry  c l o s e  agreement wi th  
the t h e o r e t i c a l  c a l c u l a t i o n s ,  and the  s e n s i t i v i t y  obtained was approximately 
8 x 10-9 amps/torr f o r  the  m/e 28 peak of n i t rogen .  
the ana lyzer  was detuned t o  g ive  a r e so lu t ion  of about h m / m  = 1/10 i n  order  t o  
avoid o s c i l l a t o r  s t a b i l i t y  problems. A t y p i c a l  spectrum scan  of t he  m / e  28-32 
group a t  t h i s  r e s o l u t i o n  i s  shown i n  Figure 6-5 .  
The ion  energy spread,  AVion, was then measured by us ing  a n  i o n  suppression 
technique by applying a b i a s  t o  the  quadrupole rods.  
used i n  i o n  source tune-up during quadrupole ana lyzer  t e s t i n g .  The i n i t i a l  
r e s u l t s ,  a s  shown i n  F igures  6-6 and 6-7 show energy spreads  of 25 v o l t s  f o r  
m / e  28, and 10 v o l t s  f o r  m / e  4 (helium) r e spec t ive ly .  These da t a  appear t o  i n d i -  
c a t e  t h a t  t he  energy spread i s  mass dependent, o r  t h a t  the  quadrupole b i a s  tech-  
nique of measurement i s  vo l t age  dependent.since the  two measurements were made a t  
d i f f e r e n t  VAC p o t e n t i a l s  on t h e  quadrupole. F igure  6-8 then  i l l u s t r a t e s  the  quad 
b i a s  c u t o f f s  f o r  m / e  28 (N2) and m / e  40 (Argon) a t  a VAC = 255 v o l t s  ( r m s ) ,  and a 
r e p e a t  of t he  m/e 4 (helium) c u t o f f  a t  a VAC = 63  v o l t s  (rms). 
t he  observed energy spread i s  a funct ion of t h e  RF ampli tude,  s i n c e  the  two scans 
f o r  m / e  28 and 40 a r e  the  same wi th in  experimental  accuracy. 
the  apparent  energy spread f o r  m/e 28 i s  shown f o r  t h r e e  d i f f e r e n t  VAC l e v e l s  
where t h e y  g ive  d i f f e r e n t  va lues .  Thus, i t  appears  t h a t  t h e  quad b i a s  cu to f f  
technique i s  dependent upon the  appl ied RF amplitude,  and consequently i s  not  an  
a c c u r a t e  method f o r  de te rmina t ion  of the ion  source energy spread c h a r a c t e r i s t i c .  
For t h e  i o n  source t e s t i n g ,  
This method was previous ly  
I t  appears  t h a t  
Again, i n  Figure 6 - 9 ,  
The ion  source l i n e a r i t y  versus  pressure da ta  was taken  over t h e  pressure  range 
of 1 x 10-3 t o  1 x 1 O - I  t o r r  f o r  th ree  d i f f e r e n t  sample gases;  n i t rogen ,  helium, 
and oxygen. The sample p re s su re  was measured us ing  a CEC Micromanometer which 
has an ope ra t ing  p res su re  range of 1 to 150 microns,  and a r e p r o d u c i b i l i t y  of 
0.5 microns. 
t o r r  was l imi t ed  by t h e  measuring equipment. Two l i n e a r i t y  runs  a r e  presented f o r  
each of t h e  samples. F igures  6-10 and 6-11 show the  l i n e a r i t y  r e s u l t s  us ing  a 
n i t rogen  sample wi th  the  quadrupole tuned t o  m / e  28. These curves show a non- 
l i n e a r i t y  of l e s s  than 10 percent  a t  1 x 10-2 t o r r ,  t h e  maximum designed p res su re  
f o r  t he  i o n  source.  The da ta  was taken, however, up t o  1 x 10-1 t o r r  i n  order  t o  
analyze the  n o n - l i n e a r i t y ' a t  p ressures  higher  than the  design maximum. These 
da ta  i n d i c a t e  t h a t  h igher  pressure  leve ls  can be t o l e r a t e d  by the  ion  source ,  and 
t h a t  c a l i b r a t i o n  of t he  n o n - l i n e a r i t y  w i l l  g ive s u f f i c i e n t  accuracy of measure- 
ment. 
helium sample pressure  i n  the  ion iz ing  reg ion ,  and Figures  6-14 and 6-15 i l l u s t r a t e  
t he  oxygen l i n e a r i t y .  These curves ,  a s  expected, show a b e t t e r  l i n e a r i t y  char -  
a c t e r i s t i c  a t  the  maximum designed pressure than f o r  N2.  This improvement f o r  H e  
i s  due t o  the  reduced ion  space charge a t  the  corresponding p res su re  of N 2 .  
i o n  source i s  thus capable  of operat ing a t  higher  pressure  l eve l s  of H e  without  
exper ienc ing  l a rge  non- l inear i ty .  
Consequently, t he  accuracy of t he  p re s su re  measurements a t  1 x 10-3 
Figures  6-12 and 6-13 show the  ion  source m / e  4 output  a s  a func t ion  of a 
The 
The f i n a l  opera t ing  condi t ions  of the  ion  source pressure  of N 2  a r e  l i s t e d  below 
f o r  ope ra t ion  wi th  a n i t rogen  or  oxygen sample: 
V (Accelerator)  = 250.0 v o l t s  
V (Repel le r )  = 295.6 vo l t s  
V (Filament) = 220.1 vo l t s  
6-7 
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V (Filament Shield) = 217.6 vo l t s  
V (Ion Focus A )  = 186.8 vo l t s  
V (Ion Focus B) - 201.8 vo l t s  
V (Anode) = 354.2 v o l t s  
V (Nozzle) = 0 v o l t s  
Emission Charac t e r i s t i c s  




- 165 microamperes 
= 5 microamperes 
I (Filament) = 1.35 amperes 
It must be noted that when operating a t  t he  higher pressure l eve l s  the  fi lament 
c u r r e n t ,  voltage and t o t a l  emiesion are higher i n  order t o  maintain a constant 
anode cur ren t .  When operating a t  the very high pressures this  increased power 
reduces the filament s t r eng th  so t ha t  the  fo rce  due t o  the magnetic f i e l d  causes 
the  f i lament  t o  d r i f t  away from the e lec t ron  entrance aper ture .  
was necessary t o  reverse the filament p o l a r i t y  whereby the conditions returned 
t o  normal. 
r eve r sa l .  
Under t es t ,  i t  
Sustained operation a t  higher pressures required fu r the r  p o l a r i t y  
6- 19 
7, CONCLUSION 
The des ign  a n a l y s i s  and f a b r i c a t i o n  of a high pressure  magnetic i on  source has 
been performed, r e s u l t i n g  i n  a t e s t e d  instrument  capable  of ana lyz ing  pressures  
w i t h i n  the  ion iz ing  reg ion  g r e a t e r  than 1 x 10-2 t o r r .  Tes t ing  has shown t h a t  
t h e  i o n  source can opera te  up t o  1 x 10-1 t o r r  without  too  g r e a t  a s a c r i f i c e  i n  
t h e  output  l i n e a r i t y .  The ion  source s e n s i t i v i t y  f o r  an a i r  sample i s  approxi-  
mately 7.5 x 10-9 ampsl torr  wi th  5 microamperes of i o n i z i n g  e l e c t r o n  c u r r e n t .  
The f a b r i c a t e d  u n i t  appears  t o  r e a l i z e  t h e  instrument  goa ls  i n  c l o s e  agreement 
w i t h  t h e  t h e o r e t i c a l  ana lys i s .  The o ther  t a s k  requirements were t o  approach a 
s e n s i t i v i t y  goa l  Of 1 X 
mil l i seconds .  A generated computer program has shown t h a t  t h e  t i m e  cons t an t  of 
t h e  i o n  source i n  a n  open conf igura t ion  i s  833 microseconds and w i l l  r each  95 per- 
c e n t  of i t s  f i n a l  value (3 t i m e  cons tan ts )  i n  2.5 mi l l i seconds .  
amps/torr and have a maximum t i m e  response of 30 
It  i s  recommended t h a t  a f u t u r e  e f f o r t  be made t o  analyze t h e  f i lament  s t r u c t u r e  
and mounting more thoroughly i n  order  t o  s t r eng then  the  f i l amen t  a g a i n s t  t he  
a p p l i e d  fo rces .  
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